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SUMMARY 
Immunoassays are important analytical tools commonly used in life science 
and medical diagnosis to detect and quantify target proteins. However, current 
immunoassays still face the issues of long processing time, large sample 
volume and requirement for labeling. To address these issues, the aims of this 
work were to develop high-throughput protein microarrays and label-free 
microfluidic immunoassays with high stability, high sensitivity, fast response 
and low sample consumption, which can facilitate the development of 
low-cost and point-of-care diagnostic devices for public health. 
 
We first considered a simple surface modification method to covalently 
immobilize proteins on solid substrates for improving protein stability. The 
inert substrates decorated with self-assembled monolayers (SAMs) can be 
activated by oxygen plasma to generate reactive aldehydes, which can 
covalently link proteins through Schiff bases.  
 
Next, various methods of arranging proteins at different locations within a 
small surface area to form protein microarrays were exploited. Two strategies 
were demonstrated. The first strategy is the spontaneous formation of protein 
microarrays on surface with chemical micropatterns. We developed two 
different methods to obtain chemical micropatterns on surfaces. The first one 
relies on the microcontact lift-up of soft resist layer formed from biomaterials 
of phospholipids, and the second one is based on a one-step UV lithography to 
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pattern hydrocarbon monolayers with reactive functional groups. The second 
strategy is derived from the modified microcontact printing process, in which 
we used a flat poly(dimethylsiloxane) (PDMS) stamp to prepare protein 
microarrays. This method can selectively transfer proteins from the stamp to 
the solid substrate to create protein micropatterns.  
 
Finally, to develop label-free microfluidic immunoassays, label-free detection 
method by using liquid crystals (LCs) was explored. LCs supported on glass 
slides with two homeotropic boundary conditions can give sharp 
dark-to-bright optical response to protein adsorbed on the surface (when it 
exceeds a critical surface density), which can be observed with the naked eye. 
This unique property of LCs can be used as a new “all-or-nothing” type of 
protein assay, which is very useful for screening purposes, especially when a 
simple positive or negative answer is desired. Furthermore, the optical 
properties of LCs were explored in microfluidic systems. In the microfluidic 
channels, LCs can identify the protein binding events with interference color 
and quantify the antibody concentrations with the length of bright LC region 
in the microchannels. This demonstrates the great potential of LCs for 
developing label-free, multiplexed and high-throughput miniaturized 
immunoassays.
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Detection and quantification of proteins in complex biological fluids with high 
sensitivity and specificity is one of the most important tasks in life science, 
medical diagnosis, food safety and environmental monitoring (Stubenrauch et 
al., 2009; Wu et al., 2007). Among all protein analysis tools currently available, 
immunoassays, which rely on the specific antibody-antigen binding, are 
known to provide high selectivity and sensitivity. As a result, they have been 
widely used in routine protein analysis. During the past several decades, 
various formats of immunoassays such as enzyme-linked immunosorbent 
assay (ELISA), radioimmunoassay, fluorescence immunoassays, 
chemiluminescence immunoassays, electrochemical immunoassays, have been 
developed for clinic diagnosis, drug discovery, and study of protein functions. 
However, with the rapid development of proteome, these conventional 
immunoassays, which require long processing time, large sample volume and 
protein labeling, are not suitable for a fast and parallel analysis of multiple 
protein targets in a large scale. On the other hand, protein microarrays which 
incorporate many proteins at discrete location in a small area are becoming a 
powerful platform. It can be used to realize rapid and high-throughput analysis 
of a large number of proteins simultaneously such as fast profiling of 
disease-related proteins and screening protein-protein interactions. This 
advancement greatly accelerates the application of immunoassays. Another 
important breakthrough in the development of immunoassays is 
miniaturization. This means that a series of steps in immunoassays such as 
Chapter 1 
 3 
mixing, separation, reaction and detection can be integrated in a small chip. 
Thus, traditional immunoassays which are usually performed on a lab bench 
can now be performed in a small chip to save precious samples, space, and 
time. In the past, many miniaturized immunoassays built with microfluidic 
system have been demonstrated (Erickson and Li, 2004; Meldrum and Holl, 
2002; Mitchell, 2001). In our opinion, the protein microarrays and 
microfluidic immunoassays have great potential for the development of 
next-generation immunoassays. Many scientific studies and new applications 
have come out during the past two decades.  
 
Although many progresses have been made in the area of immunoassays, there 
are still some challenges. First, because in a protein microarray, a large 
number of proteins need to be arranged at different locations within a small 
surface area, surface patterning methods, which allow the generation of 
micrometer or even nanometer protein patterns, are needed. Secondly, because 
most traditional immunoassays still rely on fluorescence for detection, the 
development of label-free detection method without using any fluorescence 
labels and bulky instrumentation is needed.  
 
For preparing protein microarrays on solid surfaces, spot spraying, dip-pen 
lithography, photolithography or soft lithography have been employed. 
However, they still suffer from some drawbacks. For example, although the 
spot spraying and dip-pen lithography are very straightforward, they are often 
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very expensive and time-consuming to apply because the protein micropattern 
can only be created in a sequential manner with expensive equipments. 
Photolithography is probably the most successful microfabrication technology, 
but it is usually not biocompatible because harsh chemicals are used in the 
processes. Soft lithography is simple and convenient, but the deformation of 
elastic stamp and contamination from stamps (Csucs et al., 2003; Sharpe et al., 
2006) may affect the quality of the printed protein microarrays. Therefore, a 
simple and suitable method of micropatterning proteins on solid surface is still 
needed. In this thesis, we aim to develop simple and biocompatible method for 
fabricating chemically micropatterned surfaces, which can lead to 
spontaneous formation of protein micropatterns over a large surface area. 
Moreover, convenient and effective microcontact printing method was 
explored for micropatterning a large number of protein spots on solid 
substrates.  
 
For protein detection, currently most miniaturized immunoassays still heavily 
rely on enzyme catalyzed reactions or fluorescence (Cesaro-Tadic et al., 2004; 
Malmstadt et al., 2004; Villalta et al., 2005; Wolf et al., 2004; Yakovleva et al., 
2002). Although they are effective, labeling antibodies with enzymes or 
fluorescence probes requires additional working steps, and sometimes labeling 
may change the conformation of the proteins under some circumstances. 
Label-free detection, therefore, is a better option. Many label-free detection 
methods such as surface plasmon resonance (SPR), quartz crystal 
Chapter 1 
 5 
microbalance (QCM) and mass spectrometer have been reported. However, 
they require the use of bulky and expensive instrumentation, which precludes 
the use of microfluidic immunoassays for point-of-care (POC) applications. 
More recently, a novel label-free detection method by using liquid crystals 
(LCs) with optical readout visible to the naked eye is reported (Gupta et al., 
1998). This method shows great promise for the integration of the detection 
method into miniaturized immunoassays. In this thesis, we aim to build 
miniaturized immunoassays with a LC-based readout system. More literature 
reviews on surface micropatterning of proteins, surface functionalization for 
protein immobilization, label-free detection method by using LCs and the 
integration of microfluidic systems with immunoassays can be found in 
Chapter 2.  
 
1.2 Objectives and Scopes 
In this thesis, we aim to develop high-throughput protein microarrays and 
label-free microfluidic immunoassays with good stability, high sensitivity, fast 
response and low sample consumption. The research results described herein 
may be considered as an important first step for the development of a low-cost, 
point-of-care diagnostic device to fight for infectious diseases in our societies. 
 
The structures of the thesis can be outlined as follows. First, to incorporate 
reactive sites on solid surfaces for covalent immobilization of antibodies with 
high chemical stability, Chapter 3 presents a simple surface modification 
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method by using oxygen plasma to activate inert self-assembled monolayers 
(SAMs). The chemical reaction of oxygen plasma with inert SAMs of 
octadecyltrichlorosilane (OTS SAMs) was exploited to generate new reactive 
functional groups such as carboxylic acids and aldehydes, which are able to 
react with proteins and immobilize them on the surfaces. 
 
To develop a simple and biocompatible method for creating protein 
microarrays, Chapter 4 reports a unique concept of incorporating biomaterials, 
phospholipid, as a soft resist layer in microfabrication processes to obtain 
chemically micropatterned surfaces and later protein microarrays. The key 
element of this technique lies on the application of the supported phospholipid 
monolayer, which can be controlled and manipulated by using a microcontact 
lift-up process with good spatial resolution. Combined with the oxygen 
plasma based technique described in Chapter 3, the micropatterned 
phospholipid can function as “soft” resist layers to protect underlying SAMs 
and create either positive or negative chemically micropatterned surfaces, 
which can be used to selectively immobilize proteins on substrates for protein 
microarray applications. 
 
In Chapter 5, we describe a one-step UV lithography process which allows the 
patterning of hydrocarbon monolayers with reactive functional groups under 
ambient conditions. By exposing surfaces decorated with OTS SAMs to UV 
(254 nm) through a photomask (a TEM grid), a chemically micropatterned 
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surface can be generated directly, and that surface can lead to spontaneous 
formation of protein micropatterns. Compared to the method described in 
Chapter 4, this is simpler and more convenient.  
 
In Chapter 6, we developed an unconventional microcontact printing method 
by using a flat poly(dimethylsiloxane) (PDMS) stamp for printing protein 
microarrays on solid surfaces. The method relies on the application of UV 
light to create highly-ordered micropatterns on the surface of a flat PDMS 
stamp. This process can be performed under ambient conditions without using 
a high-vacuum system. Our experimental results show that the surface 
micropatterns can be used to selectively transfer proteins from PDMS to solid 
surfaces. Therefore, this method may have the potential for printing protein 
microarrays on a solid surface in a simple, fast and convenient way. In this 
study, we also aim to design a PDMS stamp which has a long shelf-life and 
can be reused for many times without losing any protein transfer efficiency.  
 
In Chapter 7, optical responses of LCs to protein adsorbed on solid surfaces 
were exploited for developing label-free protein assays without using 
additional instrumentation. The concept of this method is based upon the high 
sensitivity of the orientational behaviors and corresponding optical textures of 
LCs to minute surface changes. A LC optical cell with two homeotropic 
boundary conditions was designed to give sharp dark-to-bright response to 
protein adsorbed on the surface (when it exceeds a critical surface density). 
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This unique property can be used as a new “all-or-nothing” type of protein 
assay, which is very useful for screening purposes, especially when a simple 
positive or negative answer is desired. We also compared the sensitivity of LC 
detection with fluorescence detection, and tested its reproducibility and 
robustness under different experiment conditions.   
 
In Chapter 8, we further exploited the optical properties of LCs in 
microfluidic systems for developing label-free and miniaturized 
immunoassays. By using human IgG/anti-human-IgG and biotin-labeled 
albumin (bi-BSA)/anti-biotin as the model system, we studied whether the 
LC-based immunoassay can be used to detect and quantify these proteins with 
good specificity, by using the interference color of LCs and the length of 
bright LC region in the microchannels. Moreover, on the basis of LC-based 
detection and microfluidic immunoassays, a diagnostic platform for multiple 
sample analysis was designed to detect samples of anti-IgG, anti-biotin and 
mixtures of these two proteins simultaneously. This new type of diagnostic 
platform demonstrates the potential utility of label-free, multiplexed and 
































2.1 Introduction of Immunoassays 
2.1.1 Principle of Immunoassays 
Immunoassay is a biochemical test that uses highly specific antigen-antibody 
binding events for detecting protein components in complex biological fluids 
(Price and Newman, 1997). Therefore, it provides great sensitivity and 
specificity for protein detection. Currently, immunoassays have been widely 
used in many fields such as medical diagnosis, drug discovery, protein 
research and food testing (Kaw et al., 2008; MacBeath and Schreiber, 2000; 
Nadanaciva et al., 2009; Stubenrauch et al., 2009; Wu et al., 2007). During the 
past 50 years, various formats of immunoassays have been designed for 
different applications, but they all can be categorized as homogeneous 
immunoassays or heterogeneous immunoassays. The homogeneous 
immunoassays take place entirely in the solution phase, and the separation of 
the antibody-antigen complexes from free proteins is not required. They are 
generally easy and fast to perform. Capillary electrophoresis (Schmalzing et 
al., 2000), fluorescence polarization (Nielsen et al., 2000), fluorescence 
resonance energy transfer (Pulli et al., 2005) and agglutination assay 
(Englebienne et al., 2000) are typical homogeneous immunoassays. In the 
heterogeneous immunoassays, the antibody (or in some case antigen) is 
immobilized on a solid substrate, and a separation of the unbound entities 
from the bound substrate is required. The heterogeneous immunoassays 
usually have good sensitivity and lower cross-reactivity than homogeneous 
immunoassays because of the separation of antigen-antibody complexes. They 
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are also convenient to be integrated in a small device for portable applications.  
 
In the heterogeneous format, the competitive and non-competitive 
immunoassays are available as shown in Figure 2.1. In a competitive assay, 
the analyte (usually antigen) in the unknown sample competes with labeled 
antigen for binding sites on antibodies. The total amount of labeled antigen 
bound to the antibodies is then measured. The response signal is, therefore, 
inversely proportional to the concentration of the analyte. In contrast, in the 
non-competitive assay, analytes in an unknown sample bind to antibodies 
directly. As a result, their concentrations are directly proportional to the 
responded signal. 
 
Figure 2.1 Formats of heterogeneous immunoassays (Herrmann, 2008). 
(a) Competitive Assay (b) Non-Competitive
Direct Assay 
(c) Non-Competitive 
  Sandwich Assay 
Solid Substrate 
- antibodies - secondary antibodies 
- analyte - the externally provided antigen - labels 
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The non-competitive assays can be further classified as direct and indirect 
(sandwich) assays. In the direct assay, analytes in an unknown sample directly 
bind to antibodies on solid surfaces and form immune-complexes. The 
advantage is that the procedure is more straightforward and the test result will 
not be affected by cross-reactivity from the secondary antibody. In the indirect 
assay, a secondary antibody is added together with the antigen, and that leads 
to the formation of a sandwich complex as shown in Figure 2.1c. This strategy 
can improve the detection sensitivity due to the effects of two antibodies on 
the antigen. However, it also increases the cost, and the secondary antibodies 
are not always available. In this thesis, we will focus on the development of 
novel heterogeneous non-competitive immunoassays with direct optical 
readouts. Thus, we will put more emphasis on this type of immunoassay in the 
following parts.  
 
2.1.2 Current Trends in Immunoassays 
During the past half century, immunoassays have made great progresses in 
terms of assay specificity, sensitivity and detection technologies. They have 
become a major tool for protein sample analysis, especially for diagnostic 
applications. However, the currently dominated immunoassays such as ELISA 
still suffer from some drawbacks such as large sample volume, long 
processing time, and low throughput. To improve its performance, 
immunoassays with small sample requirement, fast response time, high 
throughput and multiplex have been developed. Below we summarized a 
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number of current trends in the immunoassay-related research which is most 
relevant to this thesis. 
 
2.2 Protein Microarrays   
Protein microarray technology, derived from DNA array technology, features 
a large number of protein probes at discrete location within a small area. The 
high density of protein probes allows the simultaneous analysis of a large 
number of antigens or antibodies in a single experiment (Zhu et al., 2001), and 
greatly speeds up the analysis by using immunoassays in different scenarios 
(Emili and Cagney, 2000; Ito et al., 2000; MacBeath and Schreiber, 2000; 
Pandey and Mann, 2000; Walhout et al., 2000). In addition, because protein 
probes in protein microarrays were arranged within a small region with high 
density (Dietrich et al., 2004), the sample consumption is reduced, and better 
sensitivity can be achieved. Because of these apparent advantages, numbers of 
scientific publications and issued patents related to protein microarrays 
increase rapidly in recent years. For example, Zhu and Snyder successfully 
printed 5800 yeast proteins onto a single glass slide to form a yeast proteome 
microarray. By using this microarray, they rapidly identified many new 
calmodulin- and phospholipid-interacting proteins (Zhu et al., 2001). 
Moreover, Chen et al. incorporated all nucleocapsid protein fragments in a 
protein microarray to study the antigenicity of different regions of severe acute 
respiratory syndrome (SARS) coronavirus in an attempt to fight SARS (Chen 
et al., 2004). These examples demonstrate the potential utility of protein 
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microarrays in our modern society. 
 
Although protein microarrays show promises, they still face some challenges. 
One challenge is how to deliver microliters (or even smaller) of protein 
solutions to designated locations in a highly controllable manner. In the 
following, commonly used methods for protein microarray fabrication are 
described. 
 
2.2.1 Spot Spraying Technology 
In the spot spraying technology, electro-driven nozzles are employed to 
deliver protein solution to desired positions on a solid surface to form a 
protein microarray. Currently, many spot spraying machines such as 
microarrayer are commercially available, and many protein microarrays have 
been fabricated following this method (Lonini et al., 2008; Singh and Hillier, 
2007). For example, MacBeath and Schreiber (MacBeath and Schreiber, 2000) 
used a automatic spotter to generate 10,800 spots of protein G and 
FKBP12-rapamycin binding (FRB) domain of FKBP-rapamycin -associated 
protein (FRAP) in an area of 9 cm2 (each spot is 150 to 200 μm in diameter) to 
create a protein microarray for immunoassay applications. However, this 
method is a time-consuming process, because a protein microarray can only be 
created in a sequential manner, and multiple steps of dipping, sucking, 




Figure 2.2 A schematic for the preparation of protein microarray by using 
photolithography. 
2.2.2 Photolithography 
In photolithography, light, photomask and photoresist are used to fabricate 
chemically micropatterned surfaces, which can be used to selectively 
immobilize proteins to form protein microarrays. As shown in Figure 2.2, after 
chemically micropatterned surfaces are obtained, protein microarrays can be 
formed spontaneously over a large area. Moreover, because the method has 
high accuracy and resolution, protein microarrays in different dimension and 











Mooney et al., 1996; Vail et al., 2006). For example, Lee et al. applied 
photolithography to fabricate extracellular matrix (ECM) protein microarrays 
with circular spots having diameters of 100 ~ 500 μm to study cell-cell 
interactions (Lee et al., 2008). However, this method requires complex 
fabrication processes and a clean room, which makes the fabrication expensive. 
In addition, it is difficult to build a protein microarray with more than one 
protein probe, unless physical boundaries can be made on the micropatterned 
surface to contain different protein solutions (Blawas and Reichert, 1998). 
 
2.2.3 Microcontact Printing (μCP) 
In μCP (Bernard et al., 2000), an elastomeric stamp with relief structures is 
first covered with protein solution as an ink. After drying, the stamp is brought 
into conformal contact with a substrate to transfer proteins from the stamp to a 
solid surface to form a protein microarray. A schematic of this process is 
shown in Figure 2.3. Because this method is simple, convenient and 
cost-effective, many protein microarrays have been fabricated by using μCP 
(Lee et al., 2006; MacBeath and Schreiber, 2000). For example, Inerowicz et 
al. used a PDMS stamp with square patterns (~10 μm × 10 μm) to print a 
protein microarray with human IgG and mouse IgG on a glass substrate for 
immunoassay applications (Inerowicz et al., 2002). Although μCP is 
successful, some technical obstacles remain. First, during the fabrication of 
PDMS stamps, the process of peeling the stamps from silicon masters 
sometimes can lead to the damage of the stamp structure. Second, because of 
Chapter 2 
 17 
the elastomeric natures, the deformation of PDMS stamp such as pairing, 
buckling or roof collapse of raised and recessed features during the contact 
with the substrate, will result in the distortion of the printed patterns 
(Bessueille et al., 2005; Delamarche et al., 1997; Roca-Cusachs et al., 2005; 
Sharp et al., 2004). Therefore, some studies are still needed to further improve 
this technique. 
 
2.2.4 Dip-Pen Nanolithography  
Dip-pen lithography employs a tiny scanning probe to directly deliver protein 
solutions to the destinated locations on solid surfaces for creating protein 
microarrays (Lee et al., 2002; Wilson et al., 2001). A schematic of this process 
is shown in Figure 2.4. This technique allows the creation of very small 
protein patterns (sometimes in the nanometer scale) with a very high density 
Figure 2.3 The schematic process of μCP for preparation of protein 






of protein spots. This method is straightforward, simple and maskless. 
Therefore, it has become a popular technology for fabricating protein arrays 
with high density (Choi et al., 2007; Kim et al., 2008a; Kim et al., 2008b). For 
example, Lee et al. used atomic force microscope (AFM) to fabricate protein 
microarrays of IgG and lysozyme with 100-350 nm feature sizes, and used that 
to study cellular adhesion (Lee et al., 2002). Although dip-pen lithography 
provides a lot of advantages, it requires instrumentations such as AFM or 
scanning electronic microscope (SEM), which makes the technology 
expensive and inconvenient. In addition, because it is necessary to coat probe 
tip with protein molecules, the denaturation and long-term stability are still big 
issues for this technology.  
 
In summary, many methods are readily available for the preparation of protein 
Figure 2.4 The schematic process of dip-pen lithography for preparation 
of protein microarrays (Piner et al., 1999). 
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microarrays, but each method has its own advantages and disadvantages. 
There is still room to further improve the existing technology. Meanwhile, 
many researchers are looking into innovative and unconventional methods to 
prepare protein microarrays in a more cost-effective, time-saving and 
convenient way. This trend is evident by many new papers published in recent 
years (Hall et al., 2007; Kersten et al., 2005; Talapatra et al., 2002).  
 
2.3 Microfluidic Immunoassays 
Another recent innovation in immunoassay technology is miniaturized 
immunoassays, which allow users to perform several procedures or all 
assaying procedures such as sample preparation, separation, reaction, and 
detection by using a single chip. This integration means better portability, 
simpler procedures and faster analysis. Currently, most miniaturized 
immunoassays employ microfluidics to manipulate fluid samples in 
microfluidic channels. Because of the small size of microfluidic channels, 
many advantages are provided for immunoassays such as small sample 
volume (mL, nL, pL), low energy consumption, high sensitivity and short 
reaction times (Bernard et al., 2001; Cheng et al., 2001; Erickson and Li, 2004; 
Sia and Whitesides, 2003; Wang et al., 2002; Wang et al., 2003). For example, 
Mohamadi et al. reported an electrophoresis-based microfluidic immunoassay 
of human serum albumin (HSA), in which the formation of HSA 
immune-complex can be observed within 25 s, and the detection limit for 
fluorescence-labeled HSA was 7.5 pM by using laser-induced fluorescence 
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(Mohamadi et al., 2007). Moreover, because of the flexibility in the designs of 
microfluidic systems, microfluidic immunoassays can be performed in a 
high-throughput and multiplexed manner. For example, Jiang et al. designed a 
microdilutor network to analyze multiple anti-HIV antibodies including 
anti-gp 41 and anti-gp 120 quantitatively, by using a sample size of 1 μL. They 
also claimed that this design has the potential for analyzing 10-100 antibodies 
simultaneously (Jiang et al., 2003). Delamarche et al. once demonstrated a 
microfluidic micromosaic (Bernard et al., 2001) immunoassay to screen cell 
membrane proteins (Wolf et al., 2007), and successfully detected C-reactive 
protein and other cardiac protein markers (Wolf et al., 2004). Some 
microfluidic immunoassays also involve the use of beads to improve 
sensitivity. For example, Herr et. al (Herr et al., 2007) integrated all assaying 
procedures in an electrophoretic immunoassay chip and used the chip to 
measure the total salivary matrix metalloproteinase-8 content in 20 μL of 
saliva within 10 min. Herrmann and co-workers (Herrmann et al., 2007) 
reported a microfluidic ELISA, in which streptavidin-coated magnetic beads 
were used in the microfluidic channels to detect anti-streptavidin antibodies. 
Because this system allows the separation of the immune-complex forming 
phase and the enzymatic reaction phase into two channels, it can reduce the 
assay noise and enhance the detection signal. 
 
On the other hand, many studies in the microfluidic immunoassays are 
focused on the modification of microfluidic channels. For fabricating 
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microfluidic systems, currently the most commonly used material is PDMS, 
because it is simple to prepare, low cost and reliable. However, the surface of 
PDMS is hydrophobic such that protein solutions cannot wet the surface. To 
increase protein immobilization, some surface modifications on PDMS 
including polymer grafting (Sui et al., 2006; Wang et al., 2005) and chemical 
functionalization have been demonstrated (Yu et al., 2007). For example, Yu et 
al. developed a simple yet robust method to modify silanized PDMS with 
poly(vinyl alcohol). The modified PDMS can be used to immobilize 
anti-rabbit IgG with high loading and uniformity, and that leads to a low 
detection limit for IgG down to 1 pg/mL (Yu et al., 2007).  
 
2.4 Label-Free Detection of Proteins with Liquid Crystals  
At present, one of the remaining challenges for microfluidic immunoassay is 
to develop label-free detection strategies. Researchers are actively developing 
label-free detection methods such as chemiluminescence (Bhattacharyya and 
Klapperich, 2007; Davidsson et al., 2004), electrochemical sensing (Huang et 
al., 2007; Kojima et al., 2003; Lin and Ju, 2005; Liu et al., 2009; 
Ronkainen-Matsuno et al., 2002), surface plasmon resonance (SPR) (Kim et 
al., 2007; Kurita et al., 2006; Luo et al., 2008), quartz crystal microbalance 
(QCM), surface-enhanced Raman scattering (SERS) (Xu et al., 2005), total 
internal reflectance microscopy (Cannon et al., 2005), and mass spectroscopy. 
For example, Bhattacharyya et al. used an imager capable of detecting 
chemiluminescent signals to screen C-reactive protein, a cardiac and 
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inflammation marker, in human serum (Bhattacharyya and Klapperich, 2007). 
Luo and co-workers applied SPR imaging to monitor the antibody-antigen 
binding events (Luo et al., 2008). Cannon et al. used total internal reflectance 
microscopy in a microchip with 20 parallel channels containing planar 
supported cholesterol/lipid bilayers to determine the antigen-antibody binding 
parameters (Cannon et al., 2005). Although these label-free methods are very 
successful, they require the use of instrumentations, and sometimes with 
complicated operating protocols, making them not suitable for miniaturized 
microfluidic immunoassays because of the limitation imposed by the 
requirement for instrumentations. Therefore, one of the objectives in this 
thesis is to explore new label-free detection methods suitable for microfluidic 
immunoassays. An emerging label-free detection method that does not require 
complex instrumentation is the liquid crystal based detection method 
originally developed by Abbott et al. (Brake and Abbott, 2007; Brake et al., 
2003; Gupta and Abbott, 2009; Gupta et al., 1998; Luk et al., 2005; Skaife et 
al., 2001). In this session, we will discuss the properties of liquid crystal, its 
detection principle and its potential applications for immunoassays.  
 
2.4.1 Properties of Liquid Crystals 
Liquid crystal (LC) is a phase of matter between solid and liquid as shown in 
Figure 2.5. It has not only the properties of liquids but also the properties of 
solids. However, unlike solid has orders in three dimensions, LC phase has 
spatial orders in two or one dimension. Moreover, LC has fluidity similar to 
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liquids. Therefore, it can flow freely and be handled like liquids. Materials 
which display the liquid crystal phase under certain temperature ranges are 
called thermotropic liquid crystals. For example, compounds of 
4-pentyl-4’-cyano-biphenyl (5CB) and 4-n-octyl-4’-cyano-biphenyl (8CB) are 
common thermotropic liquid crystals at room temperature.  
LCs display many unique optical and electronic characteristics such as 
birefringence, dielectric, and diamagnetic properties. Molecules which form 
LC phases also have long-range molecular interactions such that they can 
affect one another. An interesting phenomenon related to this is the anchoring 
of LCs on a solid surface. When LCs are supported on a solid surface, 
orientations of LCs are determined by the surface properties. LCs can either 
have an orientation perpendicular (homeotropic) to the surface or parallel 
(planar) to the surface, depending on the surface property. However, after a 
Temperature 
Solid Liquid Crystals Liquid  
Figure 2.5 Schematic illustration of the solid, liquid crystal and liquid. 
(The elliptical shape represents the molecule.) 
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foreign molecule adsorbs on the surface, the force balance between LCs and 
the surface is altered, and orientations of LCs near the surface will be 
disrupted as a result. LCs near the surface can further communicate their 
orientation to the LCs in the bulk up to one hundred micrometers away 
(Cognard, 1982; Gupta et al., 1998), and the response can therefore be 
amplified. Meanwhile, the orientation of LCs gives rise to corresponding 
optical appearance, which can be read with the naked eye under crossed 
polarizers. For example, when LCs have a homeotropic orientation, a dark 
optical texture will be observed, while when LCs show planar orientation, a 
bright optical texture will be observed (Jain et al., 2002). Therefore, the 
surface-driven orientational behavior of LCs provides an intriguing and 
promising label-free detection mechanism for reporting biomolecules 
adsorbed on a solid surface.  
 
Next, because chemically functionalized surfaces provide a wide range of 
surface molecular interactions such as the hydrogen bonding, van der Waal’s 
interactions, and electrostatic interaction which can influence the orientations 
of LCs (Crego-Calama and Reinhoudt, 2001; Kakiuchi et al., 2000; Vezenov 
et al., 2002), different functionalized surfaces are used to control the 
orientations of LCs at the interface (Luk et al., 2004b; Shah and Abbott, 2001a; 
Shah and Abbott, 2001b; Zhao et al., 2005). For example, it has been reported 
that the self-assembled monolayers of OTS and 
N,N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP) 
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can cause homeotropic orientation of 5CB supported on the surface (Brake 
and Abbott, 2002; Park et al., 2006). On the other hand, SAMs of 
aminopropyltriethoxy silane (APTES) can cause planar orientation of 5CB 
supported on the surface (Jain et al., 2002). Therefore, solid surfaces can be 
well controlled to manipulate the orientations of LCs for designing sensitive 
LC-based bioassays, which can amplify and transduce the biological events on 
surface into easily-recognized optical signals.  
 
2.4.2 Applications of Liquid Crystals for Biodetection 
Because of the unique properties and advantages of LCs, LCs have been used 
as a label-free detection tool for biodetection. Below we review a number of 
literatures related to this topic.  
 
First, principles of detecting the presence of biomolecules on surfaces by using 
LCs have been demonstrated in the literatures. In a Science paper published by 
Gupta and Abbott (Gupta et al., 1998), they demonstrated how to use the LC 
detection system to report the presence of protein avidin on surface. The key 
element in this technique is a surface with nanometer topographies, which 
causes the uniform orientation of LCs (dark optical texture). Then, they 
immobilized biotinylated ligands on the nanostructured surface, but controlled 
the surface density of the immobilized ligands not to disturb the uniform 
orientations of LCs. When they applied a solution containing avidin to the 
surface, avidin bound to the biotin and erased the corrugation of the 
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nanostructured surface. As a result, this binding event led to non-uniform 
orientations of LCs, which cause colorful optical textures and the presence of 
avidin is therefore observed. Other examples include that Tingey and 
co-workers (Tingey et al., 2004b) used LCs to image microcontact printed 
protein anti-biotin IgG on uniform APES decorated surface. Later, Clare et al. 
(Clare and Abbott, 2005) applied the principle of the change of LC 
orientations from random to uniform to report the binding of 
anti-phosphotyrosine IgG to surface-immobilized phosphopeptides. Luk et al. 
(Luk et al., 2004a) designed surfaces with different mixed SAMs to 
investigate the orientational behavior of LCs for studying the binding ability 
of ribonuclease inhibitor protein (RI) to surface immobilized ribonuclease A 
(RNase A). They found that the optical appearance of LCs can distinguish the 
orientational states of bound proteins (oriented or random) on surface. In 
addition, a lot of quantification analysis of bound proteins by using LCs was 
studied through LC’s twisted angle (Lowe et al., 2008), anchoring energy 
(Clare et al., 2006; Govindaraju et al., 2007), or the average gray scale 
brightness of the optical appearance (Skaife and Abbott, 2000). For example, 
Govindaraju et al. (Govindaraju et al., 2007) incubated anti-phosphotyrosine 
with different concentrations on tyrosine immobilized surfaces and then 
measured the anchoring energy of LCs on the sample LC cell. They found that 
the anchoring energy of LCs decreased when the antibody concentration 
increased, and demonstrated that the measurements of anchoring energy of 





In the past few years, there have been many successful examples of using 
LC-based detection principles for reporting the presence of proteins, detecting 
protein binding events and quantifying the amounts of bound proteins on the 
surfaces. However, the available detection principles rely on the changes of 
the azimuthal orientations of LCs, either from uniform to random or from 
random to uniform before and after the protein immobilization. However, it is 
difficult to measure minute changes of azimuthal orientations and quantify the 
differences between uniform and random textures of LCs. In addition, it is 
complex and difficult to prepare surface with well-defined nanostructure. It is 
also inconvenient for quantification analysis by measuring or calculating LC’s 
orientation such as twisted angle and anchoring energy. Therefore, further 
studies are needed to develop simpler and more convenient usage of LCs for 
label-free immunoassay applications.  
 
2.4.3 Dual-Easy-Axis Model for LC’s Orientations 
In theory, the anchoring orientation of LCs at the surface is determined by the 
surface free energy with two important parameters: the preferred nematic 
anchoring angle for the surface (called the “easy axis”) and the anchoring 
strength. The surface energy can be expressed as the following:  
                )(sin)2/( 2 θφ −= is Wg                       2.1 
where W is the anchoring strength, θ is the direction of the nematic director at 
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the surface, and iφ  is the easy-axis direction for the surface i. A value of 
0=iφ  indicates homeotropic anchoring, while 2/πφ =i  indicates planar 
anchoring. Recently, a “dual-easy-axis” model for predicting orientations of 
5CB confined in a cell with two homeotropic boundary conditions was 
proposed (Carbone and Rosenblatt, 2005; Price and Schwartz, 2006). This 
model shows that LCs in this cell have two preferred easy axes (perpendicular 
and parallel axis), and the orientation of LCs is determined by the energy 
competition between these two axes. Thus, only when the surface energy of 
the interface reaches a critical value, the orientation of LCs can change from 
homeotropic-to-tiled angle. An evidence of this phenomenon is the 
discontinuous transition of the orientations of LCs. This phenomenon is very 
useful in our study. First, it implies that in this region, the orientations of LCs 
are very sensitive to small changes on surfaces, which is helpful to design 
immunoassays with high detection sensitivity. In addition, this discontinuous 
homeotropic-to-tiled change of LC orientations in the cell will also lead to a 
discontinuous transition for the onset of LC birefringence, which provides 
LCs with a sharp optical response from dark to bright. This is useful to show 
an “on-and-off” response for the “all-or-nothing” type immunoassay. 
Meanwhile, because the dark-to-bright response has a good contrast ratio 
compared to other systems reported previously, the change can be readily 
distinguished from the dark background by using the naked eye. Therefore, 
this thesis will actively exploit this mechanism to develop simple, facile, and 













CHEMICAL MODIFICATIONS OF INERT ORGANIC 















As mentioned in Section 2.1, to obtain stable immobilization of proteins on 
solid substrate for fabrication of protein assays, protein molecules are usually 
immobilized on surfaces with covalent bonds. This procedure requires the 
presence of surface linker groups such as aldehyde or carboxylic acid to react 
with the proteins. During past decades, numerous chemical strategies have 
been developed for introducing reactive functional groups on surfaces. For 
example, glass or silicon substrates were modified with organic silane linkers 
bearing aldehyde or carboxylic acid groups, and gold surfaces were modified 
with bifunctional thiol molecules (Blanco et al., 1989; Lee et al., 2004a; 
Willner and Katz, 2000). However, the siloxane and thiol linkage are not 
stable under extreme conditions. More recently, stable Si-C covalent bond 
formed from the reaction between the hydrogen-terminated silicon and 
ω-functionalized 1-alkene precursors with terminal aldehyde or carboxyl acid 
functional groups have been reported. However, both ends of the bifunctional 
molecules may also show reactivities toward the surfaces and lead to the 
formation of heterogeneous surfaces, unless protective groups are used (Hartl 
et al., 2004; Pike et al., 2002; Strother et al., 2000; Yang et al., 2002). To 
avoid the use of bifunctional molecules and the subsequent deprotection steps, 
we report a simple method of employing oxygen plasma to modify inert 
hydrocarbon monolayers to introduce desired aldehyde or carboxylic acid 
functional groups, which can be used for the immobilization of proteins on 
surfaces. Oxygen plasma has been used extensively to modify surface 
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properties of engineering materials (Inagaki, 1996), to increase 
biocompatibility of biomaterials (Balazs et al., 2003; Hasirci et al., 2003), and 
to remove photoresist layers (Hollahan, 1974). However, there are only few 
studies in which self-assembled monolayers were modified with oxygen 
plasma. To the best of our knowledge, there was no report on the utility of 
oxygen plasma for chemical modification of monolayers for protein assay 
applications. In this study, we aim to investigate the chemical reaction of 
oxygen plasma with inert self-assembled monolayers of 
octadecyltrichlorosilane (OTS SAMs) and determine if new surface functional 
















3.2 Experimental Section 
3.2.1 Materials 
All glass slides were purchased from Marienfeld (Germany). Silicon wafers 
(<1 0 0>, 0.6 mm thick, polished on one side, dummy grade) were purchased 
from Wellbond (Singapore). Hydrochloric acid and n-heptane (99%) was 
purchased from Merck (Germany). Sodium dodecyl sulfate (SDS), 10% (w/v), 
biotechnology grade, was obtained from 1st BASE (Singapore). 
Octadecyltrichlorosilane (OTS, ≥90%), 
3-Aminopropyl(diethoxy)methylsilane (APES), 50% glutaraldehyde aqueous 
solution, human immunoglobulin G (IgG), FITC conjugated anti-human IgG 
(FITC-anti-IgG), FITC conjugated anti-biotin (FITC-anti-biotin), bovine 
serum albumin (BSA), 4-amino-5-hydrazino-1,2,4-triazole-3-thiol (purpald) 
and ethylenediamine (99%) were all purchased from Sigma-Aldrich 
(Singapore). Triethoxysilane aldehyde (TEA) was from United Chemical 
Technologies (Bristol, U.S.A.). All aqueous solutions were prepared in 
deionized water with a resistance of 18.2 MΩ cm-1. Oxygen (purity of 99.7%) 
was from National Oxygen (Singapore). 
 
3.2.2 Preparation of OTS-Coated Glass Slides and Silicon Wafers 
First, the glass slides were cleaned by soaking them in a 5% (v/w) Decon-90 
solution (a commercially available detergent) for 2 h, then rinsed with copious 
amounts of deionized water in an ultrasonic bath for 15 mins. Subsequently, 
the slides were etched with 4.0 M sodium hydroxide for 30 mins, rinsed 
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thoroughly in deionized water and dried under a stream of nitrogen. The clean 
slides were dried in an oven at 100 ºC overnight. For silicon wafers, they were 
cleaned in piranha solution (30% (v/v) hydrogen peroxide and 70% (v/v) 
sulfuric acid) at 80 ºC for 1 h (Yang et al., 2005). (Warning: piranha solution 
can react strongly with organic compounds. It should be handed with extreme 
caution and it should not be stored in closed containers.) The silicon wafers 
were then rinsed with ethanol and deionized water and dried under a stream of 
nitrogen. Next self-assembled monolayers of OTS were formed by immersing 
the clean glass slides or silicon wafers into heptane containing 0.5 mM of 
OTS for 1 h. The OTS SAMs were then rinsed three times with acetone to 
remove unreacted silane and dried under the stream of nitrogen. The OTS 
SAMs were cross-linked in oven at 100 ºC for 3 h.  
 
3.2.3 Plasma Treatment 
The plasma treatment was performed in a 13.56 MHz (radio frequency) 
oxygen plasma asher (K1050X, Emitech, U.K.). Before using, the plasma 
chamber was cleaned for several minutes with oxygen plasma to remove 
organic contaminants inside the chamber. The glow discharge plasma was 
produced with a power of 10 W. The flow rate of oxygen was fixed at 5 





3.2.4 Aldehyde Test 
We performed the aldehyde test on a thin layer chromatography (TLC) plate 
because the high-surface area and the white background of the TLC plate 
make it convenient to observe the color change. OTS SAMs were prepared on 
TLC plate following the same procedure as on the glass slide surface. Purpald 
was dissolved in a 1.0 M sodium hydroxide solution to a final concentration of 
1% (w/v). The purpald solution was dropped onto the TLC surface and left for 
5 mins at room temperature. Then the color change was observed with the 
naked eye. A purple color indicates the presence of aldehyde on the surface. 
 
3.2.5 Protein Immobilization and Fluorescence Immunostaining 
First, 0.1 mg/mL human IgG was dissolved in 0.1 M phosphate-buffered 
saline (PBS, pH 7.4), and the concentration of IgG was determined by using a 
UV/Vis spectrometer. The absorbance of the solution at 280 nm was found to 
be 0.227. Then, droplets (~1 µL) of human IgG solution were placed on 
surfaces coated with OTS SAMs modified with oxygen plasma. After 
incubation for 3 h at room temperature, all samples were rinsed with PBS 
buffer with 0.1% SDS, deionized water and dried under a stream of nitrogen. 
To avoid the nonspecific adsorption of the antibody, the surfaces immobilized 
with human IgG were blocked with BSA (1mg/mL in PBS buffer, pH 7.4) for 
1 h at room temperature. The treated slides were then rinsed with PBS buffer, 
deionized water and dried under the stream of nitrogen again. Finally, the 
substrates patterned with human IgG were incubated in a FITC-anti-human 
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IgG solution (0.02 mg/mL) or a FITC-anti-biotin solution for 4 h. The slides 
were then rinsed with PBS buffer (pH 7.4) and deionized water. The binding 
of the antibody to IgG on the surface was observed with fluorescence 
microscopy. A schematic illustration of the surface modification, protein 
immobilization and fluorescence immunostaining process is shown in Figure 
3.1. 
 
3.2.6 Preparation of Aldehyde Terminated Surfaces and Stability Test 
To prepare TEA decorated surfaces, clean silicon wafers were immersed into 
a methanolic solution containing 2% (w/v) of TEA for 2 h at 25 ºC. After this, 
the silicon wafers were rinsed with copious amounts of methanol to remove 
Figure 3.1 Schematic illustration of surface modification, protein 





















residual silane and dried with nitrogen. Finally, the TEA layers were 
cross-linked in a vacuum oven at 100 ºC for 15 min. To prepare 
glutaraldehyde decorated surfaces, clean silicon wafers were first immersed 
into an aqueous solution containing 5% (v/v) of APES for 1 h at 50 ºC. After 
rinsing with copious amount of deionized water and drying with nitrogen, the 
wafers were immersed into a 5% glutaraldehyde solution for 2 h at room 
temperature. Finally, they were rinsed with deionized water, dried under a 
stream of nitrogen and cross-linked in a vacuum oven (100 ºC) for 15 min. To 
test the chemical stability of the aldehyde-terminated functional layers, the 
surfaces were immersed in hydrochloric acid (0.01 M, pH~2) for 24 h. After 
that, the sample was rinsed with deionized water, dried with nitrogen and 
examined with ellipsometry, water contact angle measurements and 
fluorescence microscopy.  
 
3.2.7 Surface Characterization 
Ellipsometry. The thickness of film on the surface was measured by using an 
ellipsometer (Model WVASE32, J.A.Woollam, U.S.A.), which was equipped 
with a 75 W light source and a high-speed monochromator. The sample was 
cut into pieces (~2 cm × 2 cm) before loading onto the sample holder of the 
ellipsometer through a vacuum hole. The incident light was kept at 70º and the 
wavelength of 632.8 nm was used to determine the film thickness. For each 
sample, six different locations were measured. The thickness was obtained by 
using the software provided by the manufacturer.  
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X-ray Photoelectron Spectroscopy (XPS). The chemical composition of the 
surface was determined by using XPS in an AXIS-His spectrometer (Kratos 
Analytical, Japan) with a monochromatized Al Kα X-ray source (1486.6 eV) 
and a pass energy of 40 eV. The X-ray source was operated at 150 W and the 
pressure in the chamber was kept at 10–8 torr during the analysis. The samples 
were loaded on standard studs by using double-sided adhesive tapes. The C 1s 
hydrocarbon peak at 285.0 eV was used as the reference peak for all binding 
energy measurements. Surface chemical compositions were obtained from the 
XPS spectral area normalized with Perkin-Elmer sensitivity factors. For peak 
fitting, the same full width at half-maximum for chemical component within 
the same core level of one element was taken. All component peaks were 
adopted as Gaussian types.  
 
Fluorescence Microscopy. The FITC-conjugated antibody was observed with 
an Eclipse E200 fluorescence microscopy (Nikon, Japan). A B-2A dual filter 
(Nikon, Japan) designed for FITC and Texas Red was used. The DS control 
Unit (Nikon, DS-U1) and a digital camera application program (Nikon, 
ACT-2U) were used to capture images. The same photo parameters were used 
for all images and analysis.  
 
Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-ATR). 
The FTIR-ATR experiment was performed with a FTIR Spectrophotometer, 
IRPrestige-21 (Shimadzu, Japan), equipped with a MCT 
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(Mercury-Cadmium-Telluride) detector. All spectra were taken on a silicon 
trough plate (45º, multiple reflections, Pike, U.S.A.). For each sample, 256 
scans were taken at a resolution of 4 cm-1. The OTS SAMs were coated on the 
silicon trough plate as described above. Immobilization of ethylenediamine 
was performed by leaving pure ethylenediamine on the silicon trough plate for 
3 h. After this, the surface of the trough plate was rinsed with pure ethanol and 
then dried with nitrogen. After each experiment, the silicon trough plate was 
cleaned with oxygen plasma (100 W, 1 min) and then dried at 80 ºC for 3 h.  
 
Contact Angle Goniometer. The water contact angles on the aldehyde 
terminated silicon wafers were measured by using a VCA Optima goniometer 
from AST (Billerica, U.S.A.). In a typical run, a drop of water (1 µL) was 
placed on the sample surface and the image of the droplet on surface was 











3.3 Results and Discussions 
3.3.1 Surface Modification with Oxygen Plasma 
First, we studied the effect of oxygen plasma treatment on the thicknesses of 
the OTS SAMs on silicon wafer by using ellipsometry. Our results in Figure 
3.2 show that the initial thickness of the OTS SAMs was 28.65 ± 0.34 Å, 
which is consistent with the reported thickness of OTS SAMs (29.5 ± 1.5 Å) 
in the literature (Unger et al., 1999). After the oxygen plasma treatment for 1 
s, 2 s, 5 s or 10 s at 10 W, the thicknesses of OTS SAMs became 26.51 ± 1.52 
Å, 15.59 ± 0.47 Å, 5.80 ± 0.27 Å, and 2.06 ± 0.08 Å, respectively. The 
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Figure 3.2 Effect of the treatment time on the thicknesses of the 
oxygen-plasma-treated OTS SAMs. The power was maintained at 10 W, and 
the flow rate of oxygen was 5 mL/min. 
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SAMs, and long treatment time (~10 s) led to the complete removal of 
monolayers from surfaces. Thus, to chemically modify the OTS SAMs, short 
treatment time (1~2 s) is more appropriate. 
 
Next, the surface chemical composition of the OTS SAMs on silicon wafer 
after the oxygen-plasma treatment was further investigated by using XPS. 
Figure 3.3 shows C (1 s) spectra of the OTS SAMs before and after the 
oxygen plasma treatment for different periods of time at 10 W. We can draw 
several conclusions from Figure 3.3a. First, the peak heights of the 
hydrocarbon chains (CHx) decreased with the increase of the treatment time, 
which suggests that the hydrocarbon chains on the surface reacted with 
oxygen plasma and formed some volatile products such as carbon dioxide. 
This result is consistent with our observation in the ellipsometry experiments. 
Secondly, the spectra show additional shoulder peaks after the oxygen plasma 
treatment, compared with a single and symmetric peak of untreated OTS 
SAMs. This implies that new functional groups were generated on the 
surfaces. The identities of the functional groups on the modified OTS SAMs 
were obtained by fitting the high-resolution carbon spectra as shown in Figure 
3.3b-f. From peak positions (Elms and George, 1998; France and Short, 
1998), new functional groups generated during the oxygen plasma treatment 
were alcohol (C–O ~286.5 eV), aldehyde (C=O ~288 eV) and carboxylic acid 




Table 3.1 gives the surface chemical composition of oxygen-plasma modified 
OTS SAMs. The content of oxygen on the surfaces increased with the 
increase of treatment time, which suggests that oxygen was incorporated into 
the OTS SAMs during the modification. Although the amount of oxygen 
Figure 3.3 The C (1s) XPS spectra of OTS SAMs at different period of 
oxygen plasma treatment. The power of the oxygen plasma was maintained 
at 10 W. a) Comparison of carbon spectra of modified OTS SAMs at 
different period of oxygen plasma treatment. b) to f) Peak fitting of the 
carbon spectra for oxygen-plasma-treated samples for different periods of 









































































increased over treatment time, the total percentage of functionalized groups of 
carbon did not follow the same trend. It reached a maximum at 2 s and then 
decreased gradually. This observation led us to propose a competition model 
between the surface modification and the surface etching process. In the 
beginning of the oxygen plasma treatment, the OTS SAMs formed a compact 
and well-define structure. Thus, only the topmost layer of the OTS SAMs was 
chemically modified. When the OTS SAMs were exposed to oxygen plasma 
for more than 2 s, the structure of the OTS SAMs deteriorated, and the etching 
process became dominant (Chan et al., 1996). During this period, the surface 
became more hydrocarbon-like because the etching process quickly removed 
the top layers of the OTS SAMs. The etching process continued until the total 
removal of the monolayer.   
 
We also note that for all functional groups presented in Table 3.1, C–O is the 
dominating species, which is similar to the study of oxygen-plasma-treated 
Table 3.1 Composition (%) of Surface Functional Groups of Silicon Wafers 
Decorated with OTS SAMs after Oxygen Plasma Treatment a. 
a The power of the oxygen plasma was maintained at 10 W. 












1 s 10.8 5.9 3.2 41.2 19.9 
2 s 15.1 4.1 12.2 63.7 31.4 
5 s 12.0 0.0 6.0 71.7 18.0 
10 s 12.2 0.0 5.5 71.8 17.7 
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rubber film reported in the literature (Grythe and Hansen, 2006). Furthermore, 
the percentage of C=O (aldehyde) reached a maximum at 1 s (then decreased 
with the increase of treatment time), whereas the percentage of O–C=O 
(carboxylic acid) reached a maximum at 2 s. This phenomenon can be 
explained by the relative stability of alcohol, aldehyde and carboxylic acid. It 
is well-known that alcohol can be oxidized into aldehyde or carboxylic acid 
under an oxidizing environment; however, aldehyde is an intermediate species 
which can be further oxidized into the more stable carboxylic acid. 
Considering the strong oxidizing power of the atomic oxygen and other 
species generated in the oxygen plasma, it is possible that the aldehyde 
generated in the beginning of the oxygen plasma treatment was further 
oxidized to carboxylic acid and resulted in the accumulation of carboxylic 
acids at 2 s of treatment time. After 2 s, the etching process caused C–O, C=O 
and O–C=O to decrease with time. Thus, we observed that the aldehyde 
groups were only present on the surface within 2 s of treatment time.  
 
To further confirm the presence of aldehyde on the OTS SAMs after oxygen 
plasma treatments, we prepared the OTS SAMs on TLC plates and dropped 
purpald solution which can react with aldehyde and generate purple color on 
the surface (Jacobsen and Dickinson, 1974; Rahn and Schlenk, 1973). The 
results before and after the oxygen plasma treatment are shown in Figure 3.4a 
and 3.4b. Apparently, the OTS-coated TLC plates without oxygen plasma 
treatment showed yellow color. In contrast, the OTS-coated TLC surfaces 
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after oxygen plasma treatment showed purple color, suggesting aldehyde was 
present on the surface. Therefore, the presence of aldehyde on 
oxygen-plasma-modified OTS SAMs surface is confirmed. 
 
 
3.3.2 Immobilization of Proteins on the Oxygen Plasma Modified 
Surfaces 
It is well-known that aldehyde can react with free amine and form Schiff base 
under relative mild conditions. Therefore, this reaction is often used to 
immobilize proteins or amine-modified oligonucleotides on 







Figure 3.4 a) and b) are the results of aldehyde tests performed on the 
TLC plate before and after the oxygen plasma treatment (10W for 1 s), 
respectively. c) and d) are the fluorescence images of OTS-coated glass 
slides (with circular domains of immobilized protein IgG) after the 
incubation in PBS buffer containing 0.02 mg/mL of FITC-anti-IgG. c) No 
oxygen plasma treatment d) Treated with oxygen plasma for 1 s. 
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that aldehyde were formed on the surfaces of the oxygen-plasma-treated OTS 
SAMs, we sought to investigate whether proteins can be immobilized on 
surfaces when aldehyde was generated in situ by using the reaction of oxygen 
plasma with OTS SAMs. First, few drops of aqueous solution containing 
human IgG was placed on an OTS-coated glass slide, which had been treated 
with oxygen plasma for 1 s at 10 W. After rinsing with PBS buffer with 0.1% 
SDS to remove unbound IgG, the samples were incubated in a solution of 
FITC-anti-IgG for 3 h and then the unbound FITC-anti-IgG was washed away 
with PBS buffer. Finally, the presence of FITC-anti-IgG that specifically 
bound to the immobilized human IgG was observed by using fluorescence 
microscopy. In Figure 3.4c, when the unmodified OTS SAMs patterned with 
circular domains of IgG were incubated in the solution of FITC-anti-IgG, it 
only showed very weak fluorescence in the circular region where IgG was 
placed. This indicates that very few IgG was present on the surface. The 
presence of IgG on the unmodified OTS SAMs can be explained by the 
nonspecific adsorption of IgG on the hydrophobic surface. In contrast, for the 
OTS SAMs treated by oxygen plasma for 1 s at 10 W, the region where 
droplets of IgG were placed in Figure 3.4d showed strong green fluorescence, 
whereas the surrounding region did not contact with IgG showed no 
fluorescence. These results, when combined, suggest that oxygen plasma 
treatment for a short period of time (1 s) can greatly facilitate the 
immobilization of IgG on the surface. Therefore, we propose that oxygen 
plasma is an effective tool to activate the inert OTS SAMs for the 
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immobilization of IgG, possibly through the generation of aldehyde functional 
groups that link proteins with the formation of covalent bonds.  
 
To test this proposition, we performed several FTIR-ATR experiments on a 
silicon ATR crystal coated with OTS SAMs to study the mechanism of 
protein immobilization on the oxygen-plasma-treated OTS SAMs. The results 
in Figure 3.5 reveal that when the crystal was treated with oxygen plasma at 
10 W for 1 s, a new peak at 1732 cm-1, appeared. This peak corresponds to the 
carbonyl groups of the aldehyde functional groups. Furthermore, when the 
Figure 3.5 FTIR-ATR spectra of a silicon crystal coated with OTS SAMs. 
a) Untreated. b) Treated with oxygen plasma for 1 s. c) After incubation 
in PBS buffer containing IgG for 3 h. d) After incubation in pure 
ethylenediamine for 3 h.  
1732cm - 1 
1645cm - 1 
1550cm - 1 
1650cm - 1 3364cm-1, 3294cm-1


















crystal was incubated in PBS buffer containing protein IgG, two new peaks at 
1645 cm-1 and 1550 cm-1 appeared after rinsing and drying. These two peaks 
represent the protein-specific amide I and amide II bonds respectively 
(Girard-Egrot et al., 2002; Veiseh et al., 2002), which demonstrates that IgG 
has been immobilized on the oxygen-plasma-modified OTS SAMs. However, 
they cannot be used to illustrate the reaction mechanism, because the peak 
position of the amide I group overlaps with that of the Schiff base. To confirm 
the formation of Schiff base during the immobilization process, we incubated 
the crystal in ethylenediamine, which has two primary amine groups but does 
not have any peptide bonds. From the spectra of ethylenediamine, the 
aldehyde peak at 1732 cm-1 disappeared and new peak at 1650 cm-1 appeared. 
This peak is associated with the stretching of the imine group of Schiff base 
(Baasov et al., 1987; Guibal et al., 2001; Stapleton et al., 2005). Additionally, 
new peaks at 3364 cm-1 and 3294 cm-1 are the stretching of primary amine 
from the unreacted amine groups of the ethylenediamine. Therefore, it is 
believed that IgG was immobilized on the oxygen-plasma-modified OTS 
SAMs through a Schiff base linkage formed from the reaction of the amine 
groups of proteins with surface aldehyde groups. 
 
In an attempt to determine the best operating condition for oxygen plasma 
treatment, we compared the green fluorescence intensity of the green circles 
on the OTS-coated glass slides, which had been treated with oxygen plasma at 
different power and treatment time. Figure 3.6 shows that for the sample 
Chapter 3 
 48 
treated with oxygen plasma at 10 W, the fluorescence intensity decreased 
monotonically with the increase of treatment time, with a maximum of 
fluorescence intensity obtained from the sample treated with oxygen plasma 
for 1 s. Under the same power condition, the minimum appeared on the 
sample treated with oxygen plasma for 10 s. The signal-to-noise ratio of the 
fluorescence for 10 s is close to 1.2, indicating very few proteins were 
immobilized on the surface. When compared with Table 3.1, the amounts of 
surface aldehyde groups also follow a similar trend: highest concentration of 
aldehyde was achieved at 1 s of oxygen plasma treatment, and the 
concentration decreased rapidly from 2 to 5 s. The similar trend in Table 3.1 
and Figure 3.6 supports our proposition that protein IgG was immobilized on 
the surface decorated with aldehyde functional groups. Meanwhile, by 
Figure 3.6 Comparison of the fluorescence intensity (signal-to-noise ratio, 






























comparing the fluorescence intensity of oxygen plasma modified OTS SAMs 
surface at various treatment conditions, it is found that the OTS SAMs 
modified by oxygen plasma at 10 W for 1 s provided the highest surface 
coverage of IgG. However, the relationship between the power and the surface 
chemical composition needs to be further explored. 
 
To rule out the possibility that proteins were immobilized on the 
oxygen-plasma-treated clean glass slides rather than on the OTS SAMs, we 
coated the bottom half of a glass slide with OTS and left the upper half of the 
slide uncoated. The whole slide was then treated with oxygen plasma for 1 s at 
10 W and the immunostaining procedure was performed again to test the 
amounts of IgG immobilized on the surface. As shown in Figure 3.7a, the 
region coated with OTS SAMs showed strong green fluorescence, whereas the 
region of clean glass did not show any fluorescence. This experiment reveals 
that protein IgG can only be immobilized on the oxygen-plasma-treated OTS 
SAMs rather than on the oxygen-plasma-treated clean glass. This observation 
is also consistent with our proposition that aldehyde formed from the OTS 
SAMs is an essential element in the protein immobilization. Finally, we 
sought to determine whether human IgG immobilized on the 
oxygen-plasma-treated surfaces can be used to recognize anti-human IgG with 
high specificity. In this experiment, FITC-anti-biotin rather than 
FITC-anti-IgG was used in the immunostaining procedure. As shown in 
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Figure 3.7 a) Fluorescence image of an oxygen-plasma-treated slide (10 W for 
1 s) coated with IgG. The image was obtained after incubation of the slide in 
the solution of FITC-anti-IgG. The upper part was clean glass, and the bottom 
part was coated with OTS SAMs. b) Fluorescence image of the 
oxygen-plasma-treated OTS SAMs at 10 W for 1 s (with circular domains of 
immobilized protein IgG) after the incubation in PBS buffer containing 
0.02mg/mL of FITC-anti-biotin. 
Figure 3.7b, no green fluorescence circle can be observed. This result suggests 
that protein IgG immobilized on the surface is highly specific to the anti-IgG.     
 
3.3.3 Stability Test of the Aldehyde Functional Layers 
Finally, we evaluated the chemical stability of three different aldehyde 
functional layers. As shown in Figure 3.8, they are surface 1 (TEA decorated 
surface), surface 2 (modified by APES and glutaraldehyde sequentially) and 
surface 3 (an OTS-decorated surface modified by using oxygen plasma for 1 
s). 
 
Next, we characterized surface 1, 2 and 3 by using ellipsometry and found that 
the ellipsometric thicknesses were 46.02 ± 5.20 Å, 13.01 ± 2.1 Å and 25.07 ± 







decorated with respective molecular layers. However, surface 1 shows a larger 
ellipsometric thickness than the theoretical molecular length of TEA (~10 Å), 
which implies that a multilayer of TEA was formed on the surface. All 
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Figure 3.8 Three aldehyde functional layers prepared by different methods. 
Surface 1 is prepared by coating a silicon wafer with TEA, surface 2 is 
modified by APES and glutaraldehyde sequentially, and surface 3 is an 
OTS-decorated surface modified by using oxygen plasma for 1 s. 
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containing 0.01M of hydrochloric acid (pH~2), as a model system, to examine 
their stability. Figure 3.9 shows that the ellipsometric thickness of both 
surface 1 and 2 decreased with increasing immersion time in the acidic 
solution. In particular, the ellipsometric thickness of surface 1 becomes 0 Å 
after 3 days, which indicates that most TEA have been removed from the 
surface. This is probably caused by the hydrolysis of the siloxane group under 
the acidic environment. In contrast, for surface 3, there is no apparent 
decrease in the ellipsometric thickness even after 16 days. This demonstrates 
that a complete monolayer of OTS with terminal aldehyde groups is still 
present on the silicon substrate after a long immersion time in the acidic 
Figure 3.9 Evolution of ellipsometric thickness of three different aldehyde 
terminated surfaces (1, 2, and 3), after they were immersed in an aqueous 
solution containing 0.01 M of hydrochloric acid for different period of 
time. The value for changes of surface thickness is the ratio of the 
ellipsometric thickness at different immersion time and the initial 
ellipsometric thickness before immersion. The initial ellipsometric 
thickness is 46.02 ± 5.20 Å for surface 1, 13.01 ± 2.1 Å for surface 2 and 
25.07 ± 0.62 Å for surface 3, respectively.






















 1, TEA silane
 2, APES&Glutaraldehyde
 3, Oxygen plasma treated OTS
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solution. The high chemical stability of surface 3 can be attributed to the 
well-ordered and closely-packed molecular layer of OTS, which prevents the 
hydrolysis of the siloxane group. These results, when combined, suggest that 
the aldehyde-terminated surface 3 is the most stable surface among all 
surfaces tested in this experiment.  
 
To further confirm this, we also measured the water contact angles of these 
surfaces after the immersion of these surfaces in the acidic solution. Figure 
3.10 shows that the water contact angle for both surfaces 1 and 2 decreases 
with the increasing immersion time. Because the reported water contact angle 
of aldehyde terminated surface is only 50.5 ± 2.0˚ in the literature (Hadjiiski 
et al., 1996; Song et al., 2004), the higher water contact angles on surfaces 1 
and 2 (75.1 ± 2.23˚ for surface 1 and 73.62 ± 2.95 ˚ for surface 2) before 
immersion imply disorder molecular structures on the surfaces. This may 
explain why these two surfaces are easily hydrolyzed and result in the loss of 
molecular layer. In contrast, the water contact angle on surface 3 did not 
change within 12 days. This is possibly caused by the well-ordered molecular 
structure on surface, as supported by the initial water contact angle of 44.76 ± 
0.66˚, which is consistent with the reported value. Therefore, these results 
further support that the higher chemical stability of surface 3 can be attributed 




Although surface 3 is stable for long time, an important question is whether it 
still allows the immobilization of protein on the surface after the immersion in 
the acid solution. Therefore, after 24 h of immersion in acid solution, we 
placed IgG solution (0.1 mg/mL) on the surface for 3 h and rinsed the surface. 
To examine the immobilized proteins, we compared the amount of sulfur (as a 
protein indicator) on all surfaces by using XPS. Figure 3.11 shows that a peak 
at the position of 166 eV appears only on surface 3. This clearly demonstrates 
Figure 3.10 Evolution of water contact angle of three different aldehyde 
terminated surfaces (1, 2, and 3), after they were immersed in an aqueous 
solution containing 0.01 M of hydrochloric acid for different period of 
time. The value for changes of water contact angle is the ratio of the water 
contact angle at different immersion time and the initial water contact 
angle before immersion. The initial water contact angle is 75.1 ± 2.23˚ for 
surface 1, 73.62 ± 2.95 ˚ for surface 2 and 44.76 ± 0.66˚ for surface 3, 
respectively 




























 1, TEA silane
 2, APES&Glutaraldehyde
 3, Oxygen plasma treated OTS
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that surface 3 is still good for protein immobilization after immersion of the 








Figure 3.11 XPS spectra for surface sulfur element on aldehyde 
terminated surfaces (1, 2, and 3), which were obtained after they are 
immersed in the acidic solution for 24 h and incubated with protein IgG.  


















In summary, we have demonstrated that inert hydrocarbon chains of the OTS 
SAMs can be chemically modified by using oxygen plasma and generated 
aldehyde functional groups. The surface aldehyde groups permitted the 
immobilization of protein IgG, through the formation of Schiff base between 
the aldehyde functional groups generated in situ during the oxygen plasma 
treatment and the amine functional groups of proteins. However, only 1 to 2 s 
was required to modify the surface of the OTS SAMs. Longer treatment time 
resulted in the etching of the OTS SAMs and less protein immobilizations. 
This treatment time is much less compared with surface modification of 
polymer surfaces. We also showed that the protein immobilized on the 
modified surface can be recognized by using a fluorescence-labeled antibody 
which can bind specifically to IgG. In addition, unlike other surfaces prepared 
by using aldehyde silanes or glutaraldehyde, the oxygen plasma modified 
OTS SAMs is very stable. After immersion of the surface in an acidic solution 
(pH = 2) for 24 h, aldehyde groups presenting on the surface are still available 
for protein immobilization. Thus, this approach of preparing active surface 
with aldehydes for protein immobilization may find potential utility for 















CONTROLLING AND MANIPULATING SUPPORTED 
PHOSPHOLIPID MONOLAYERS AS SOFT RESIST 













For fabrication of protein microarrays, one important issue is how to arrange 
proteins at different locations to form a protein microarray. Surface patterning 
methods which allow the generation of micrometer or even nanometer protein 
patterns, therefore play an important role. Among various methods, 
photolithography is a commonly used technique (Bratton et al., 2006; Manz 
and Becker, 1998; Okazaki, 1991). In this process, a layer of photoresist is 
exposed to a light source under a photomask, creating a micropatterned resist 
layer which permits subsequent surface modifications for building permanent 
micropatterns on solid substrates. However, the process requires complex 
instrumentations, a clean-room environment, and the usage of harsh chemicals, 
which is not compatible for biomolecules. Alternatively, micropatterns can be 
prepared by using soft lithography in a more convenient manner (Xia and 
Whitesides, 1998; Zhao et al., 1997). For example, in the so-called “lift-up” 
process, a micropatterned PDMS stamp is brought to conformal contact with a 
thin layer of resist layer spin-coated onto a solid substrate (Granlund et al., 
2000). After the stamp is lifted up from the surface, a micropatterned resist 
layer that reflects the negative pattern on the stamp surface can therefore be 
created. Nevertheless, the resist layer cannot be completely removed from the 
surface by using the lift-up process. Therefore, it often leads to a pattern that 




The problem in the lift-up process is mainly because the large thickness of the 
resist layer prevents the complete removal of resist layer by the stamp. In view 
of the difficulty in the removal of resist layers, we propose that a compact, 
self-assembled supported phospholipid monolayer (SuPM) (Lahiri et al., 
2000; Plant, 1999; Stine and Pishko, 2005) can be considered as a new 
material for building resist layers. Because the SuPM only has a thickness of 
few nanometers, it can be easily removed from the surface during the lift-up 
process. Then, the remaining micropatterned SuPM can function as a resist 
layer that protects the underlying layer through subsequent modifications due 
to its compact and well-ordered molecular structure (Andrea and Fadeev, 
2006; Meuse et al., 1998a). Furthermore, after the transformation of the 
physical SuPM micropattern into a chemical micropattern on the underlying 
layer, this “soft” SuPM resist layer can be easily removed by using water. 
Thus, this procedure is simpler, faster and more biocompatible compared to 











4.2 Experimental Section 
4.2.1 Materials 
Silicon wafers (<1 0 0>, 0.6 mm thick, polished on one side, dummy grade) 
were purchased from Wellbond (Singapore). n-heptane (99%) was purchased 
from Merck (Germany). Sodium dodecyl sulfate (SDS), 10% (w/v), 
biotechnology grade, was obtained from 1st BASE (Singapore). 
Octadecyltrichlorosilane (OTS, ≥90%), human immunoglobulin G (IgG), 
FITC–conjugated anti-human IgG (FITC–anti-IgG), bovine serum albumin 
(BSA), silver nitrate, hydroquinone were all purchased from Sigma-Aldrich 
(Singapore). L-α-dilauroylphosphatidylcholine (L-DLPC) was purchased from 
Avanti Polar Lipid (Alabaster, U.S.A.). Poly (dimethylsiloxane) (PDMS) 
stamps were prepared from Sylgard 184 (Dow Corning, U.S.A.). All aqueous 
solutions were prepared in deionized water with a resistance of 18.2 MΩ cm-1. 
Oxygen (purity of 99.7%) was purchased from National Oxygen (Singapore). 
 
4.2.2 Preparation of Supported Phospholipid Monolayer (SuPM) 
First, the phospholipid (L-DLPC) solution was prepared according to a 
published procedure (Brake et al., 2005). Briefly, 160 μL of chloroform 
solution containing 20 mg/mL of L-DLPC was dispensed into a test tube by 
using a glass syringe. Chloroform was then evaporated from the vial under a 
stream of nitrogen gas, leaving a layer of dry phospholipid on the wall. The 
remaining chloroform was removed by placing the test tube in a desiccator 
connected to a vacuum pump for 2 h. Finally, dry phospholipid was 
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resuspended in diethyl ether (Stine and Pishko, 2005) to make a 1 mM 
L-DLPC solution. The L-DLPC solution was sonicated by using a sonicator 
(Elma, Germany) in an ice-water bath for 5 min or until a clear solution was 
obtained. 
 
For the formation of SuPM, it was prepared from the fusion of L-DLPC 
vesicles onto the surfaces of silicon wafers (Stine and Pishko, 2005). Briefly, 
an OTS-coated silicon wafer was first prepared according to a procedure 
described in Section 3.2.2. Then, the wafer was incubated in diethyl ether 
solution containing 1 mM of L-DLPC for 2 h at room temperature (Meuse et 
al., 1998a; Meuse et al., 1998b; Plant, 1999; Stine and Pishko, 2004; Stine and 
Pishko, 2005). This process allows the self-assembly of L-DLPC on top of the 
OTS layer. Diethyl ether was used here because it has a lower surface tension 
which prevents the disruption of the SuPM when it is withdrawn from the 
solution. After being removed from the solution, samples were cleaned with 
pure diethyl ether and heated in a vacuum oven at 80 oC overnight to stabilize 
the SuPM (Stine and Pishko, 2004; Stine and Pishko, 2005). 
 
4.2.3 Fabrication of Micropatterned PDMS Stamps 
PDMS stamps were prepared by casting Sylgard 184 on a silicon master with 
depressed square features (400 × 400 μm) or on a poly(methyl methacrylate) 
(PMMA) master with 2 μm wide lines. The stamps were then degassed in 
vacuum to remove air bubbles and cured at 100 oC for 3 h. Next, a Soxhlet 
Chapter 4 
 62 
device was used to extract unreacted starting materials of PDMS into ethanol. 
Finally, the clean PDMS stamp was baked at 100 oC for 1 h to vaporize any 
ethanol trapped inside the PDMS stamp. The surface of the PDMS stamp was 
then modified by using oxygen plasma (100 W, 1 min) to increase its 
hydrophilicity.  
 
4.2.4 Fabrication of SuPM Micropatterns 
First, a PDMS stamp was brought into contact with the SuPM formed on the 
OTS-coated silicon wafers for 1 min. A gentle pressure was applied to the 
stamp (~1 cm × 1 cm) by hand in the first 10 s to ensure an intimate contact 
between the SuPM and the stamp. The stamp was then peeled from the surface 
to lift up the SuPM, which led to the formation of a negative micropattern on 
the SuPM. After this, the substrate was further treated with oxygen plasma (10 
W) in an oxygen plasma asher (model K1050X, Emitech, U.K.) to chemically 
modify the underlying OTS layer in the presence of the micropatterned SuPM, 
which functioned as a resist layer. Finally, the SuPM was removed by rinsing 
the silicon wafer with water to reveal the chemical patterns underneath. The 
procedure of the oxygen plasma treatment on the organic monolayers can be 
found in Chapter 3.  
 
4.2.5 Protein Immobilization and Fluorescence Immunostaining 
The procedure for protein immobilization on solid substrate and the 
subsequent immunostaining examination are similar to those described in 
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Section 3.2.5. Briefly, the sample surface was covered with 0.1 mg/mL of 
human IgG solution for 3 h at room temperature. After rinsing with 0.1% SDS, 
deionized water and dried under a stream of nitrogen, the sample was blocked 
with BSA solution (1 mg/mL in PBS buffer, pH 7.4) for 1 h at room 
temperature to avoid the nonspecific adsorption of the antibody. Finally, after 
rinsing, the sample surface was incubated in a FITC- anti-human IgG solution 
(0.02 mg/mL) for 4 h. The slides were then rinsed with PBS buffer (pH 7.4) 
and deionized water. The binding of the antibody to IgG on the surface was 
observed with fluorescence microscopy. 
 
4.2.6 Formation of Silver Micropatterns (Cao et al., 2002; Grit et al., 2007; 
Paark et al., 2002; Tian and Zhi, 2006). 
The sample was first covered by an aqueous solution containing 2 nM of 
amine-terminated gold nanoparticles at room temperature for 3 h. The 
amine-terminated gold nanoparticles were obtained by using a published 
procedure (Niidome et al., 2004). After rinsing with phosphate buffer 
containing 0.3 M of sodium nitrate and dried with nitrogen, the sample was 
immersed into 60 nM silver nitrate solution. In the meantime, an equal volume 
of hydroquinone was added to the silver nitrate solution and left to react for 10 




4.2.7 Surface Characterization  
Ellipsometry. Ellipsometric thicknesses of different samples were measured 
by using a Stokes ellipsometer from Gaetner (U.S.A.). The incident light was 
kept at 70º and a wavelength of 632.8 nm was used in all experiments. The 
refractive index of a clean silicon wafer was found to be n = 3.92 ± 0.005 (real 
part) and k = 0.037 ± 0.0039 (imaginary part). For thickness measurements, 
Stokes parameters Δ and Ψ at six different locations were determined. An 
average thickness was then obtained by fitting a single-layer model with a 
refractive index of 1.46 by using software provided by the manufacturer of the 
ellipsometer. Imaging ellipsometry analysis was provided by Beaglehole 
Instruments (New Zealand). 
 
Fluorescence Microscopy. To facilitate the observation, the binding of 
fluorescence-labeled antibodies to the immobilized IgG on the surface was 
observed with a new fluorescence microscope (Eclipse E200, Nikon, Japan) 
equipped with a FITC/EGFP filter (U.S.A.). A digital camera mounted on top 
of the microscope was used to capture images. The same capture parameters 








4.3 Results and Discussions 
4.3.1 Preparation of Micropatterned Phospholipid Monolayers  
To prepare a soft resist layer by using SuPM on a silicon wafer, we first 
chemically modified silicon wafers by using OTS. Our ellipsometry results 
show that the ellipsometric thickness of the silicon wafer coated with OTS is 
26 ± 1 Å, which is in good agreement with the theoretical thickness of a 
monolayer of OTS on the surface. Next, we immersed the substrate into 
diethyl ester containing 1 mM L-DLPC (a phospholipid) and then rinsed it 
with pure diethyl ester (Stine and Pishko, 2005). After drying, the 
ellipsometric thickness of the substrate increased to 55 ± 5 Å. The increase in 
the thickness is in good agreement with the molecular length of L-DLPC. 
Thus, we conclude that, a compact SuPM was formed on top of the OTS 
monolayer (as shown in Figure 4.1a) (Meuse et al., 1998a; Stine and Pishko, 






Figure 4.1 Schematic illustration of the microcontact lift-up process by using 
a SuPM. a) A SuPM is formed on an OTS-coated silicon wafer. b) The 
microcontact lift-up process creates a microstructured SuPM (negative 
pattern) with high fidelity.  
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ellipsometric thickness decreased to 27 ± 1 Å, which is close to the original 
thickness of an OTS monolayer. This result implies that the SuPM becomes 
unstable when it is rinsed with water (Holden et al., 2004; Reimhult et al., 
2003; Stine and Pishko, 2004). Nevertheless, the SuPM is stable when it is 
rinsed with organic solvents with a low surface tension such as diethyl ether in 
our experiment. It is also very stable in the atmosphere for several days.  
 
Next, we examined the effect of the microcontact lift-up process on the SuPM. 
We used an “as-prepared” microstructured PDMS stamp with a number of 
raised square features (400 × 400 μm) to lift up the SuPM from the surface. 
After peeling off the stamp, we found that the ellipsometric thickness of the 
contact region decreased to 38 ± 3 Å. Although this result indicates some 
SuPM can be removed from the surface, the removal of SuPM through the 
lift-up procedure is probably incomplete because the thickness is still larger 
than the thickness of an OTS monolayer. To improve the efficiency of the 
lift-up process, we treated all PDMS stamps with oxygen plasma for 1 min 
before use. After we performed the microcontact lift-up process by using the 
oxygen-plasma-treated PDMS stamp, the ellipsometric thickness of the 
contact region decreased to 27 ± 1 Å, which is close to the thickness of an 
OTS monolayer. This result leads us to conclude that an 
oxygen-plasma-treated stamp is capable of lifting the entire SuPM from the 
surface. The dramatic increase in the lift-up efficiency may be because the 
oxygen plasma treatment makes the surface of the PDMS stamp more 
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hydrophilic, leading to stronger interactions between the stamp surface and 
the polar head groups of the SuPM. To confirm that the microcontact lift-up 
process did not affect the surrounding areas which were not directly in contact 
with the raised square features, we also measured the ellipsometric 
thicknesses in these areas. The result shows a thickness of 53 ± 6 Å, which 
suggests that the SuPM in this region is not affected by the PDMS stamp. 
These results, when combined, led us to propose that a micropattern was 
formed on the SuPM after the microcontact lift-up process (as shown in 
Figure 4.1b).  
 
To provide further evidence that a micropattern as illustrated in Figure 4.1b 
was indeed formed on the SuPM, we characterized the SuPM by using image 
ellipsometry. This technique allows us to probe the spatial distribution of 
phospholipids on the surface with a subnanometer resolution. As shown in 
Figure 4.2, several dark squares whose dimensions match the original PDMS 
feature sizes are clearly visible (squares at the second and third rows are 
distorted because this image was taken from a perspective angle). This finding 
confirms our proposed model and indicates that the oxygen-plasma-treated 
PDMS stamp can lift up the SuPM effectively. In addition, from the thickness 
profile of the yellow line (shown at the top of Figure 4.2), we can conclude 
the following. First, the average thickness in the dark square is about 25 Å, 
which is consistent with the thickness of an OTS monolayer. Next, the 
dominant thickness in the bright region has a thickness of 55 Å, which 
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suggests that a monolayer of L-DLPC was built on top of the OTS layer. 
These results, when combined, again support our model that a 
few-nanometer-thick micropatterned SuPM with good spatial resolution can 
be fabricated by using the microcontact lift-up process.  
 
4.3.2 Fabrication of Chemically Micropatterned Surfaces 
Next, we exposed the substrate decorated with a micropatterned SuPM to a 
highly reactive oxygen plasma (which is known to etch and chemically 
modify organic monolayers as described in Chapter 3) to investigate whether 
the micropatterned SuPM can form a barrier and protect the underlying OTS 
monolayer. First, we treated the samples by using oxygen plasma for different 
periods of time and then rinsed them with water to remove the SuPM resist 
layer completely. After this, the ellipsometric thicknesses of the square regions 
~25Å ~55Å 
Figure 4.2 Image of a micropatterned SuPM which was prepared by using 
the microcontact lift-up process with a PDMS stamp having raised square 




and their surrounding areas were measured and presented (Figure 4.3). We 
make several observations about this figure. First, for the surrounding areas 
(which did not contact with the PDMS stamp and was protected by the SuPM 
during the oxygen plasma treatment), the thickness of the OTS layer remains 
26 Å after a short treatment time (1-3 s). This result suggests that the 
SuPM can prevent the oxygen plasma from damaging the underlying OTS 
monolayer. However, if the treatment time is further increased to 4 s, then the 
thickness of the OTS monolayer decreases to 15 Å. This is probably because 



























Oxygen Plasma Treatment Time (s)
Figure 4.3 Effect of the oxygen plasma treatment time on the 
ellipsometric thickness of the underlying OTS layer in the square region 
(without SuPM) and in the surrounding area (with SuPM). Before the 
oxygen plasma treatment, the SuPM in the square region was lifted up by 
using a PDMS stamp with raised square features. 
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result, oxygen plasma is able to penetrate the disintegrated SuPM and react 
with the OTS monolayer underneath. Second, for the square regions (which 
were in contact with the stamp during the microcontact lift-up process), the 
ellipsometric thicknesses decrease with an increase of the oxygen-plasma 
treatment time monotonically. Because the SuPM in these regions has been 
removed during the lift-up process, the OTS layer is directly exposed to 
oxygen plasma. Therefore, without the protecting resist layer, the OTS layer is 
oxidized by the oxygen plasma from the very beginning and results in a 
decrease in the thickness with an increase of time. We also note that after 4 s 
of oxygen plasma treatment, the thickness decreases to 7 Å, which suggests 
that most of the OTS layer has been etched by the oxygen plasma after 4 s of 
treatment time. Therefore, this indicates that the SuPM can serve as a resist 
layer to protect the underlying self-assembled monolayer on substrates. 
 
To examine whether oxygen plasma can transform the physical micropattern 
of SuPM prepared by the lift-up process into chemical micropatterns with 
different chemical functionalities on solid surfaces (as depicted in Figure 4.4), 
we placed a few drops of water on the surface of 2 (Figure 4.4). As shown in 
Figure 4.5, water coalesced and formed square micropatterns on the surface. 
This water pattern indicates that the square regions are more hydrophilic than 
the surrounding areas. Our explanation is that, because the square regions are 
not protected by the SuPM, they are modified by the oxygen plasma to 
generate some oxygen-containing functional groups like surface 2 and results 
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in a lower water contact angle (47.78 ± 1.83°). In contrast, the surrounding 
areas are protected by the SuPM during the oxygen plasma treatment; 
therefore, their water contact angle remains the same (109.45 ± 1.58°) as that 
of the unmodified OTS monolayer. As a consequence, the difference in the 
surface energy drives the coalescence of water droplets into square patterns. 
This result clearly demonstrates that a micropatterned SuPM can be used as an 
effective resist layer during the oxygen plasma treatment for transforming 
physical micropatterns into chemical micropatterns on the surface of 
self-assembled monolayers. 
 
Figure 4.4 Schematic illustration of postmodifications (oxygen plasma 
treatment, silver deposition, and protein immobilization) after the 
microcontact lift-up of SuPM from the surface. The gold nanoparticles, 
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4.3.3 Preparation of Protein Micropatterns 
To show that the chemical micropatterns on the surfaces can be further 
exploited to create micropatterns of immobilized biomolecules, we prepared 
surface 2 and 3. The former was treated with oxygen plasma for 1 s, and the 
latter was treated with oxygen plasma for 4 s. Subsequently, we immobilized 
human IgG on the surfaces (6 and 8) and then stained them by using 
fluorescence-conjugated anti-human FITC-anti-IgG (FITC-anti-IgG) (7 and 9). 
As shown in Figure 4.6a, after rinsing, a green fluorescence pattern reflecting 
the original micropattern of the PDMS stamp was observed on the surface of 7. 
This indicates that, when the OTS layer is treated with oxygen plasma for a 
short period of time, oxygen-containing functional groups such as aldehydes 
are generated as described in Chapter 3. The aldehyde functional groups 
400μm 
Figure 4.5 A water micropattern formed on surface 2, which was prepared 
by using the microcontact lift-up process and oxygen plasma treatment 
for 1 s to create a chemical pattern on the surface. 
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permit the formation of a Schiff base linkage with the primary amine of IgG 
and result in the immobilization of IgG on the surfaces. For the surrounding 
regions, since the OTS layer is protected by the SuPM during the oxygen 
plasma treatment, no aldehydes were generated and no protein can be 
immobilized on the unmodified OTS layer.  
 
For the sample modified by oxygen plasma for a long treatment time (4 s) 
(surface 3), the square regions showed much weaker green fluorescence than 
the surrounding areas after rinsing. As a result, an inverse micropattern was 
obtained (Figure 4.6b). A possible reason for the “negative” pattern shown in 
b a 
d c 
Figure 4.6 Fluorescence images of proteins on a) surface 7 with a positive 
pattern and b) surface 9 with a negative pattern. Both surfaces were 
decorated with immobilized IgG followed by FITC-anti-IgG. c) PMMA 
mold with 2 μm wide lines. d) Fluorescence images of surface 7. The 
PDMS stamp used to lift up the SuPM was prepared by using the PMMA 
master shown in (c). 
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Figure 4.6b is that a long treatment time causes the OTS in the square region 
completely etched by the oxygen plasma such that no aldehydes are left on the 
surface. In contrast, the OTS monolayer in the surrounding areas is well 
protected by the SuPM (oxygen plasma consumes the SuPM layer first before 
it starts to react with the underlying OTS monolayer). However, after 4 s of 
oxygen plasma treatment, most of the SuPM is gone and the oxygen plasma 
starts to react with the OTS layer and generates aldehydes in the surrounding 
areas like the surface of 3. On the basis of these results, both positive and 
negative chemical micropatterns can be obtained by using the same physical 
micropattern of SuPM. This is simpler and more convenient compared to the 
traditional lithography, because traditional methods require two different 
photoresists to obtain both positive and negative patterns as shown in Figure 
4.6a and 4.6b. Furthermore, because the novel soft resist layer, SuPM, can be 
easily removed only by water rinsing, it can avoid the presence of residual 
organic solvents on the surface as in the traditional lithography techniques, 
which may prove to be an advantage for preparing protein arrays.  
 
Another major advantage of using microcontact printing or the lift-up process 
is the ability to create micrometer or even submicrometer patterns in a 
laboratory environment. To test whether the method reported here can be used 
to create micrometer protein patterns, we prepared a PDMS stamp with 2 μm 
wide lines on the surface made from a PMMA mold as shown in Figure 4.6c. 
A protein microarray made by the new stamp is shown in Figure 4.6d. It can 
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be seen that green lines 2 μm in width that reflect the original PDMS pattern 
can be generated. However, the edge of each line is not as sharp as that in the 
original PMMA mold. One possible reason is that, during the lift-up process, 
the pressure on the SuPM was not uniform on the edge. Some phospholipids 
may flow outward instead of being lifted up by the stamp. This phenomenon 
then causes a rough edge on the SuPM micropattern. Despite the presence of 
the rough edge on the protein pattern, all protein lines are still well-resolved at 
this resolution. Therefore, we believe this method reported here shows 
promise for fabricating micrometer protein patterns or even submicrometer 
patterns in a common laboratory environment.   
 
4.3.4 Formation of Silver Micropatterns 
Finally, we also exploited this technique for preparing micrometer silver 
patterns on the surface (Moffat and Yang, 1995; Pesika et al., 2005). First, 
amine-modified gold nanoparticles (2 nM) were deposited on the surface of 2, 
which comprises parallel lines (~2 μm) of aldehyde-terminated (or other 
oxygen-containing functional groups) monolayers separated by 2 μm wide 
OTS monolayers in between. We expect that the amine-modified gold 
nanoparticles will react with surface aldehydes and cover the 
aldehyde-terminated monolayer on the surface. All nonspecifically adsorbed 
gold nanoparticles on the OTS monolayer were rinsed off by using phosphate 
buffer with 0.3 M sodium nitrate. Subsequently, the sample was immersed in a 
hydroquinone solution containing 60 nM of silver nitrate to develop a silver 
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pattern by using gold nanoparticles as nucleus (Cao et al., 2002; Paark et al., 
2002). After the reaction, the field emission scanning electron micrograph 
(FESEM) image of the surface in Figure 4.7 shows periodic 2 μm wide bright 
and dark lines, which resemble the original chemical pattern on the surface of 
2. We believe the bright silver lines were generated by the reduction of silver 
nitrate around the amine-decorated gold nanoparticles as shown in Figure 4.4 
(4 and 5). They are all also spatially well-resolved, although the 
silver lines have some rough edges and defects. A possible reason for the 
rough edges and defects is the irregular growth manner of silver around the 
gold nanoparticles, which has been reported earlier (Tian and Zhi, 2006). In 
addition, some bright dots can be found in the dark region, which may be 
Figure 4.7 FESEM image of silver micropatterns formed on the surface of 
5. The pattern was obtained by reducing silver nitrate around 
amine-decorated gold nanoparticles linked to the surface aldehyde groups. 
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caused by the nonspecifically adsorbed gold nanoparticles on the OTS 
monolayers. We do not think these defects were caused by the imperfection of 
the lift-up process, because such kinds of defects were not observed in our 
water pattern (Figure 4.5) and protein microarrays (Figure 4.6a, b and d). We 
believe that, with further optimization of the experimental conditions, the 
method reported here may provide a convenient way of preparing micrometer 
or even submicrometer metal patterns on surfaces, which may find 
applications in electroless plating or preparation of metal wires in the 





























In summary, we demonstrate a unique concept of using a biomaterial, 
phospholipid, as a soft resist layer, for fabricating chemically micropatterned 
surfaces. Because the SuPM has a compact structure yet only a thickness of a 
few nanometers, we can easily lift up this SuPM from the surface by using a 
microstructured PDMS stamp and use the remaining SuPM as a “soft” resist 
layer to prepare permanent chemical patterns on solid surfaces (either positive 
or negative patterns can be made by using the same micropatterned SuPM). 
Unlike the traditional resist layer which can only be removed by using harsh 
chemical treatments, the novel SuPM soft resist layer is easy to remove with 
water after the transfer of micropatterns to solid surfaces. By using this 
technique, we have successfully prepared protein arrays and silver patterns 
with micrometer resolution. We believe the method described herein is simple, 
rapid, and inexpensive. It also complements the current soft lithography for 

























ONE-STEP UV LITHOGRAPHY FOR ACTIVATION OF 
INERT HYDROCARBON MONOLAYERS AND 














In Chapter 4, we presented a unique method of forming protein microarrays on 
a surface with chemical micropatterns. This process allows the preparation of 
a protein microarray over a large surface area by using the spontaneous 
formation of droplets of protein solutions at discrete locations. This method is 
simple, fast and convenient compared to the existing methods such as spot 
spraying and dip-pen nanolithography. In these methods, although they are 
very straightforward to deliver microliter or even nanoliter protein solutions to 
destinated locations on solid surfaces for creating protein micropatterns (Lee 
et al., 2002; Wilson et al., 2001), they are often very expensive and 
time-consuming to apply because the protein micropattern can only be created 
in a sequential manner. In addition, expensive equipments such as atomic 
force microscope (AFM) are often needed.  
 
To further simplify the method described in Chapter 4, we study alternative 
methods to prepare chemical micropatterns on substrates in this Chapter. 
Traditionally, surface chemical micropatterns can be created by using 
photolithography (Calvert et al., 1991; Ryan et al., 2004), electron beam 
lithography (Gadegaard et al., 2008; Mendes et al., 2004), ion beam 
lithography (Evans et al., 2002; Kane et al., 1994), X-ray lithography (La et 
al., 2003; Yang et al., 2001), or UV-lithography. Considering the availability 
of the light source, UV lithography is probably one of the most commonly 
used methods. However, creating chemical micropatterns on a solid substrate 
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by using UV lithography reported previously still has a number of limitations. 
Firstly, because the commonly used deep UV light can be easily absorbed by 
oxygen molecules before reaching the surface, a high vacuum system is 
needed (Hozumi et al., 2007; Sugimura et al., 2001). Secondly, most protocols 
require the surface to be functionalized with UV-absorbing molecules such as 
1-(2-nitrophenyl)-ethyl-5-trichlorosilylpentanoate (Nakanishi et al., 2004) or 
triphenylsulfonium triflate (Lee et al., 2004b) to activate surface UV reactions. 
Lastly, although there are some processes which allow the patterning of 
hydrocarbon monolayers with UV, it requires two steps (Hozumi et al., 2007). 
For example, Dulcey et al. reported that hydrocarbon monolayers on a silica 
surface can first be photo-ablated by UV under a photomask, exposing 
underlying SiO2 layers. Then, the surface was functionalized with another 
organosilane to obtain a desired chemically micropatterned surface (Dulcey et 
al., 1991). In addition, most strategies for modifying self-assembled 
monolayer by UV requires high UV exposure dose.  
 
To provide a better and simpler method for preparing chemically 
micropatterned surfaces onto which covalently protein micropatterns can be 
formed, we developed a one-step UV lithography process which allows the 
patterning of hydrocarbon monolayers with reactive functional groups under 
ambient conditions. Silicon substrates functionalized with two different types 
of SAMs were used in this study. The first type was a silicon wafer (with a 
thin layer of native silicon oxide) functionalized with OTS SAMs and the 
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second type was a hydrogen-terminated silicon wafer functionalized with 
SAMs of 1-hexadecene. We also studied variables such as UV exposure time, 
































5.2 Experimental Section 
5.2.1 Materials 
TEM grids (copper, 75 mesh and 400 mesh) were obtained from Electron 
Microscopy Sciences (U.S.A.). All glass slides were purchased from 
Marienfeld (Germany). Silicon wafers (<1 0 0> and <1 1 1>, 0.6 mm thick, 
polished on one side, test grade) were purchased from Silicon Quest 
International (U.S.A.). n-heptane (99%) was purchased from Merck 
(Germany). Octadecyltrichlorosilane (OTS, ≥90%), human IgG, FITC 
conjugated antihuman IgG (FITC-anti-IgG), bovine serum albumin (BSA), 
sodium borohydride (98%), sodium cyanoborohydride (95%), 1-hexadecene 
(GC grade) and ammonium fluoride solution (~40% in H2O) were all 
purchased from Sigma-Aldrich (Singapore). Sodium dodecyl sulfate (SDS, 
10% w/v), and phosphate buffer saline were from 1st BASE (Singapore). All 
aqueous solutions were prepared using deionized water with a resistance of 
18.2 MΩ cm-1 (Millipore, Singapore). 
 
5.2.2 Modifications of Glass Slides and Silicon Wafers with Hydrocarbon 
Monolayers 
The preparation of hydrocarbon monolayer of OTS on silicon wafer (<1 0 0>, 
with a thin layer of native silicon oxide) is the same as described as in Section 
3.2.2.  
 
To prepare 1-hexadecene monolayers, a hydrogen-terminated silicon wafer 
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(<1 1 1>) was obtained following a procedure reported earlier (Higashi et al., 
1991; Terry et al., 1999). Subsequently, the wafer was transferred quickly into 
a 50 mL 2-necks flask with 10 mL of 1-hexadecene, which has been purged 
thoroughly with nitrogen for 1 h. The reaction of the hydrogen-terminated 
silicon wafer with 1-hexadecene was performed at 180 oC for 2 h under 
nitrogen purging (Sugimura et al., 2006). After the reaction, the sample was 
rinsed with ethanol, methanol and then sonicated in ethanol and 
dichloromethane, respectively (5 min each). Finally, it was rinsed with ethanol 
and deionized water and dried with nitrogen.  
 
5.2.3 Surface Modifications with UV 
UV pen lamp (254 nm, 4500 µW/cm2, Model 11SC-1) was purchased from 
Spectronics (U.S.A.). In all experiments, solid substrates were placed 1.5 cm 
below the UV pen lamp. To create a chemical micropattern on the surface, 
TEM grids (Electron Microscopy Sciences, U.S.A.), which served as 
photomasks, were placed on the surface during the UV exposure. After the 
exposure, the grid was removed from the surface, leaving a chemical 
micropattern (similar to the grid) on the surface. For most experiments, an 




5.2.4 Protein Immobilization and Fluorescence Immunostaining 
The procedure for protein immobilization on solid substrate and the 
subsequent immunostaining examination are similar to those described in 
Section 4.2.5.  
 
5.2.5 Surface Reduction Test 
Two reducing agents, sodium borohydride and sodium cyanoborohydride, 
were dissolved in carbonate buffer (0.1 M, pH=10), respectively, to a final 
concentration of 50 mM. Two microliter of each solution was then dropped 
onto a UV-treated surface. After 2 h, the sample was rinsed with deionized 
water and dried with nitrogen.  
 
5.2.6 Surface Characterization 
The surface was characterized using ellipsometric thicknesses, water contact 
angles, the X-ray Photoelectron Spectroscopy (XPS) and fluorescence 










5.3 Results and Discussions 
5.3.1 Spontaneous Formation of Protein Micropatterns 
The experimental set-up used in our experiments is shown in Scheme 5.1. 
First, we placed a TEM grid with square holes on a silicon wafer coated with 
OTS SAMs, and then exposed the silicon wafer to UV (254 nm) for 5 min. In 
this configuration, only square regions, which were not shielded by metal bars 
of the TEM grid, were exposed to UV. After the UV exposure, the sample was 
immersed into deionized water and withdrawn quickly. Interestingly, a very 
uniform square water micropattern formed spontaneously on the surface as 
shown in Figure 5.1. The formation of a water pattern on the surface implies 
that the square regions are more hydrophilic than the surrounding areas after 
the UV exposure. Therefore, we measured the water contact angle in the 
square region, and noted that it changed from 108.50 ± 1.07˚ to 56.86 ± 0.90˚ 




Protein Solutions OTS-Silicon Wafer OTS-Silicon Wafer 
UV Light  
Scheme 5.1 An experimental procedure for the spontaneous formation of 
protein micropatterns on an OTS-decorated silicon wafer. A TEM grid with 
square holes was first placed on a silicon wafer coated with an OTS SAM, 
and then the wafer was exposed to UV (254 nm). After UV exposure, TEM 




chemical properties of OTS SAMs and increase the surface energy, which 
leads to the spontaneous formation of the water micropattern shown in Figure 
5.1. Next, we immersed the UV-exposed OTS SAMs in a human IgG solution 
(0.1 mg/mL in PBS buffer) for 3 h to study the adsorption of proteins on the 
surface. After this, the surface was rinsed with PBS buffer, and the spatial 
distribution of human IgG on the surface was examined by using an 
immunostaining procedure as described in Chapter 4. Figure 5.2 shows that 
square green fluorescence patterns, which indicate the presence of 
immobilized human IgG, coincide with the water pattern as shown in Figure 
5.1. This result suggests that proteins adsorb more strongly on UV-exposed 
OTS SAMs than unexposed OTS SAMs. On the basis of these observations, 
we propose that some reactive functional groups may form on the OTS SAMs 
300μm 
Figure 5.1 Formation of water micropatterns on an OTS-decorated silicon 




after the UV exposure and proteins are immobilized on the surface through the 
formation of covalent bonds with these reactive groups.  
 
5.3.2 Mechanism for the Formation of Protein Micropatterns 
Next, to support our proposition of how UV exposure increases the protein 
adsorption on the OTS SAMs, we characterized UV-exposed OTS SAMs with 
XPS. Figure 5.3 shows a comparison of the C (1s) spectra of the OTS SAMs 
before and after 5 min of UV exposure. We can clearly see that after the 
exposure, additional shoulder peaks appear. These new peaks suggest that new 
functional groups were generated on the surfaces after the UV exposure. On 
the basis of the peak positions, we assigned these new functional groups to 
alcohol (C–OH ~286.5 eV), aldehyde (HC=O ~288 eV) and carboxylic acid 
(HO-C=O ~289.2 eV) (Wang et al., 2008). Since the surface aldehyde groups 
300μm 
Figure 5.2 Fluorescence image of protein micropatterns on an 




Figure 5.3 The C (1s) XPS spectra for an OTS-decorated silicon wafer a) 
before UV exposure, b) after UV exposure for 5 min. 
a b 




























are known to react with the amine groups of protein and form Schiff bases 
(C=N), it is likely that human IgG was covalently immobilized on the 
UV-modified OTS SAMs through the formation of Schiff base linkages.  
 
To confirm that aldehyde is responsible for the immobilization of proteins, we 
reduced the surface with sodium borohydride (NaBH4), which is able to 
reduce aldehydes to alcohols. In the control experiment, we reduced the 
surface with sodium cyanoborohydride (NaBH3CN), which cannot reduce 
aldehydes (it can only reduce Schiff bases to corresponding secondary 
amines). After a droplet of reducing solution was placed on the UV-exposed 
OTS SAMs and incubated for 2 h, the surface was rinsed and immersed in the 
human IgG solution for 3 h. The fluorescence image in Figure 5.4a (obtained 
after the immunostaining procedure) shows a dark circle in the region where 
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NaBH4 was placed, which indicates that no human IgG was immobilized in 
this region. This result is consistent with our hypothesis; since surface 
aldehydes in this region were reduced by NaBH4 to alcohols, no active 
functional groups were available for covalent protein immobilization. In 
contrast, Figure 5.4b shows that green fluorescence still can be observed in the 
region where NaBH3CN was placed. This result is expected because the 
reducing power of NaBH3CN is not strong enough to reduce surface 
aldehydes such that they were still available for the covalent immobilization 
of human IgG. These results, when combined, are supportive of our 
hypothesis that protein immobilization on the UV modified surface can be 
attributed to surface aldehyde groups generated in situ when OTS SAMs are 




Figure 5.4 Effects of reducing agents on the immobilization of proteins on 
a UV-exposed silicon wafer decorated with OTS SAMs. a) NaBH4 and b) 
NaBH3CN. The result indicates that surface functional groups responsible 
for the protein immobilization can only be reduced by NaBH4. 
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covalent immobilization of proteins through the formation of Schiff base 
linkages between surface aldehydes and amine groups of protein.  
 
5.3.3 Effect of UV Exposure Time 
Next, we characterized OTS SAMs after different period of UV exposure time 
to understand how OTS SAMs evolve during UV exposure. Figure 5.5 shows 
that the ellipsometric thicknesses and water contact angles of the OTS SAMs 
both decrease with increasing UV exposure time. This phenomenon indicates 
that UV can shorten the alkyl chains of the OTS SAMs when new functional 
groups are formed on the surface. Because a long treatment time resulted in 
the complete removal of the OTS SAMs, we only used a maximum exposure 
































ngle (°) Water Contact Angle
Figure 5.5 Effect of the UV exposure time on the ellipsometric 
thicknesses and water contact angles of OTS-decorated silicon wafers. 
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time of 15 min in the following experiments. Figure 5.6a~5.6d are XPS 
spectra which show that both shapes and areas of C (1s) peaks change with the 
UV exposure time. After fitting C (1s) peaks with three oxygen-containing 
groups (alcohol, C–OH ~286.5 eV; aldehyde, HC=O ~288 eV and carboxylic 
acid, HO-C=O ~289.2 eV), we obtained surface chemical compositions as 
shown in Table 5.1. We can draw two principle conclusions from Table 5.1. 
First, the total percentage of oxygen-containing functional groups increases 
with the UV exposure time, which implies that an oxidization process is 
taking place on the OTS SAMs during the UV exposure. A possible 
Figure 5.6 XPS results of OTS SAMs showing evolution of C (1s) peak as a 

























































mechanism for the occurrence of this oxidization process during UV exposure 
is that oxygen molecules dissociate under UV and become oxygen free 
radicals (Norrod and Rowlen, 1998; Snelling et al., 1966). These high-energy 
species can readily react with OTS SAMs and form oxygen-containing 
groups. To test this theory, the same experiment was performed in an 
oxygen-free environment. In this case, the water contact angle of OTS SAMs 
did not change after 5 min of UV exposure, which confirms that oxygen plays 
an important role in the surface modification. Second, the percentage of 
aldehydes on the surface shows a maximum at 5 min UV exposure and then 
starts to decrease. This is probably because of a competition between 
generation of aldehydes and oxidization of aldehydes into carboxylic acid. 
This phenomenon was also observed when OTS SAMs were treated with 
oxygen plasma as described in Chapter 3. On the basis of Table 5.1, we can 
Table 5.1 Compositions of Surface Functional Groups on OTS-Decorated 
Silicon Wafers After Different UV Exposure Time. 












1 min 4.05 0 0 32.71 2.73 
2 min 7.96 3.62 2.57 38.85 8.65 
5 min 13.89 5.80 6.55 44.63 14.53 




conclude that to obtain the highest density of aldehyde groups on the surface, 
a short UV exposure time (~ 5 min) should be used. 
 
Next, we sought to determine how much protein (human IgG) can be 
covalently immobilized on the surfaces after they were exposed to UV for 






Figure 5.7 Effect of UV exposure time on the formation of protein 
micropatterns on OTS-decorated silicon wafers. a) 0 min, b) 2 min, c) 5 
min, and d) 7 min, e) 10 min, and f) 15 min. The results show that a 5 min 
exposure time leads to the highest density of proteins on the surface.  
Chapter 5 
 95 
UV exposed surfaces (as indicated by the green fluorescence), but the light 
intensity increases with the UV exposure time until 5 min and then decreases 
with time. Apparently, the light intensities shown in Figure 5.7 correlate well 
with the surface density of aldehyde groups in Table 5.1, which further 
supports our proposition that these proteins were covalently immobilized on 
the surface through a covalent reaction with surface aldehyde groups. It also 
suggests that the amount of immobilized proteins on surface can be controlled 
simply by changing the UV exposure time on the hydrocarbon surface. 
 
5.3.4 Formation of Protein Micropatterns on Inert Monolayers with Si-C 
Linkages 
Finally, to examine the generality of this method, we prepared another type of 
inert hydrocarbon-terminated monolayers with Si-C linkages built on 
hydrogen-terminated silicon wafers. This type of monolayer is more stable 
and robust than OTS SAMs because the Si-C linkage cannot be hydrolyzed 
easily under extreme pH values (Lee et al., 2004a; Willner and Katz, 2000). 
However, it is also more difficult to incorporate active functional groups into 
this monolayer because active functional groups at one end of the 
ω-functionalized 1-alkene may also react with hydrogen- terminated silicon 
wafers as shown in several past studies (Hartl et al., 2004; Lin et al., 2002; 
Pike et al., 2002; Strother et al., 2000). One way to avoid this problem is to 
build a hydrocarbon-terminated monolayer with stable Si-C linkages first, and 
then use UV to modify the monolayers and introduce active functional groups. 
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As a proof of concept, we first cross linked 1-hexadecene to a 
hydrogen-terminated silicon wafer by using a heat-activated reaction. After 
the reaction, the ellipsometric thickness of the silicon wafer increased to 17.8 
± 1.0 Å, which is consistent with a monolayer of 1-hexadecene cross-linked to 
the hydrogen-terminated surface (the theoretical molecular length of 
1-hexadecene is approximately 21.4 Å) (Sieval et al., 1998; Takeuchi et al., 
2004). Meanwhile, the water contact angle increased from 85.81 ± 1.29˚ (for a 
hydrogen-terminated silicon wafer) to 108.00 ± 1.50˚ (after the reaction). Both 
results were similar to past studies (Sieval et al., 1998; Sugimura et al., 2006). 
Subsequently, we exposed the sample to UV for 5 min. After the UV 
exposure, the surface thickness decreased to 14.8 ± 0.8 Å, and the water 
contact angle decreased to 43.88 ± 3.72˚. These changes suggest that UV 
exposure has led to surface functionalization, which is also confirmed by the 
comparison of C (1s) XPS spectra of 1-hexadecene before and after UV 
exposure in Figure 5.8a and 5.8b. In fact, the C (1s) spectrum in Figure 5.8b is 
very similar to that in Figure 5.6c, which suggests that UV also can 
chemically modify monolayers formed from 1-hexadecene on a 
hydrogen-terminated silicon wafer. The peak fitting in Figure 5.8b also 
reveals that aldehyde groups were generated on the surface after 5 min of UV 
exposure. Next, to examine whether protein micropatterns can be formed 
spontaneously on the UV-treated surface, we immersed the sample in a human 
IgG solution for 3 h, followed by immunostaining procedures. Figure 5.9 
shows green fluorescence micropatterns with 54 μm × 54 μm square features 
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can be formed on the surface. This indicates that the current method is general 
enough such that protein micropatterns can be formed spontaneously on the 
1-hexadecene monolayer with stable Si-C linkages.    
 
200μm 
Figure 5.9 Fluorescence image of protein micropatterns on a 
1-hexadecene decorated silicon wafer after it was exposed to UV for 5 
min under a TEM grids (hole size = 54 μm). 
b 

















Figure 5.8 C (1s) XPS spectra of 1-hexadecene monolayers on 
hydrogen-terminated silicon wafers a) before UV exposure, b) after 5 min 




In summary, we demonstrated that by exposing surfaces decorated with OTS 
SAMs to UV (254 nm) through a photomask (a TEM grid), a uniform water 
pattern (same as the TEM grid) can be formed spontaneously on the modified 
surface. Moreover, when we replaced water with protein solutions, covalently 
immobilized protein micropatterns can be formed on the same surfaces. We 
believe that the spontaneous formation of water and protein micropattern is 
driven by difference in surface energy between OTS SAMs and newly 
generated functional groups such as aldehydes during UV exposure. Our XPS 
results and reducing experiments by using NaBH4 and NaBH3CN also suggest 
that the generated aldehydes can serve as linker groups to covalently link 
proteins through their amine groups. Furthermore, we found that the degree of 
surface modification correlates with the UV exposure time; an exposure time 
of 5 min can be used to maximize the density of aldehydes as well as the 
immobilized proteins. Using a similar strategy, protein micropatterns were 
also prepared successfully on 1-hexadecene SAMs on hydrogen-terminated 
silicon wafers. Unlike many other UV-based methods, the method reported 
herein can be performed under ambient conditions without any high vacuum 
systems. Therefore, it is simple and convenient for patterning solid surfaces 















MICROCONTACT PRINTING OF PROTEIN 
MICROPATTERNS BY USING FLAT PDMS STAMPS 























In the fabrication of protein microarrays, the methods described in Chapter 4 
and 5, can lead to spontaneous formation of a protein microarray on 
chemically micropatterned surfaces. Although these methods are simple and 
convenient, they still require additional steps to prepare chemically 
micropatterned surfaces. In this Chapter, we study the feasibility of using 
microcontact printing (μCP) to prepare protein microarrays such that the 
procedure of preparing protein microarrays can be further simplified. μCP was 
first reported by Kumar et al. (Kumar et al., 1994; Kumar and Whitesides, 
1993). Typically, a soft elastomeric stamp (usually made from PDMS) with 
relief structures, is molded against a silicon master with microstructures. The 
surface of the stamp is then covered with ink such as thiols or protein 
solutions. Finally, after rinsing and drying, the PDMS stamp is brought into 
conformal contact with a substrate and the ink is then transferred from the 
stamp to the substrate. Besides proteins, μCP can be applied to print lipids 
(Hovis and Boxer, 2000; Hovis and Boxer, 2001; Jung et al., 2005; Kim et al., 
2006), catalysts (Geissler et al., 2003; Hidber et al., 1996; Kind et al., 2000) 
and polymers (Arrington et al., 2002; Li et al., 2002; Zheng et al., 2002). 
Although it is convenient and efficient, μCP still suffers from some 
shortcomings. First, during the fabrication of PDMS stamps, peeling the 
stamps from silicon masters sometimes leads to the damage of the stamp 
structure. Second, because of the elastomeric nature of the stamp, deformation 
such as pairing, buckling or roof collapsing of the stamp features may result in 
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the distortion of the printed patterns (Bessueille et al., 2005; Delamarche et al., 
1997; Roca-Cusachs et al., 2005; Sharp et al., 2004). Several solutions have 
been proposed to overcome these problems such as adjusting the aspect ratio 
of the features (Biebuyck et al., 1997; Hui et al., 2002), establishing control 
over the applied pressure (Delamarche et al., 2003b), developing new stamp 
materials (Menard et al., 2004; Schmid and Michel, 2000; Trimbach et al., 
2003) and the use of composite stamps (Bietsch and Michel, 2000; Odom et 
al., 2002; Tormen et al., 2002). 
 
Since most issues mentioned above are related to the surface structures of 
PDMS, an intuitive solution to these problems is to use flat PDMS stamps for 
printing protein micropatterns. This way, many problems associated with the 
surface structures of PDMS can be avoided in advance. Furthermore, the 
preparation of a flat stamp is also simpler than a typical stamp with surface 
microstructures, because complex photolithography or electron beam 
lithography is not needed. Currently, a number of μCP methods by using flat 
PDMS stamps have been proposed by several research groups. For example, 
Geissler et al. brought a flat stamp into contact with a microstructured pad 
having a thin layer of ink on top (Geissler et al., 2000). Thus, ink can be 
transferred to the flat stamp following a similar pattern on the microstructured 
pad. However, in this approach, a silicon master is still needed to prepare the 
microstructured pad. There are other approaches which rely on multiple 
surface modification steps to define chemical micropatterns on a flat PDMS 
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stamp (Duan et al., 2008). However, these techniques usually involve the use 
of oxygen plasma (Delamarche et al., 2003a; Duan et al., 2008; Sharpe et al., 
2005), whose effect on the PDMS surface is usually short-lived (Eddington et 
al., 2006). 
 
To address the issues encountered during the use of flat stamp for μCP, we 
have developed a simple method to modify a flat PDMS surface and make it 
suitable for μCP of proteins on solid surfaces. Unlike previous procedures for 
modifying flat PDMS stamps, our procedure simply requires exposing a flat 
PDMS stamp to UV for a few minutes through a metallic mold (e.g. a TEM 
grid) under ambient conditions. By using this new method, we performed μCP 
with protein IgG and studied protein transfer efficiency, reusability and 













6.2 Experimental Section 
6.2.1 Materials  
TEM grids (copper, 75 mesh) were obtained from Electron Microscopy 
Sciences (U.S.A.). Glass slides were purchased from Marienfeld (Germany). 
N,N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysiyl chloride (DMOAP), 
human immunoglobulin G (IgG), FITC conjugated human IgG (FITC-IgG), 
Cy3 conjugated anti-human IgG (Cy3-anti-IgG), biotin-labeled albumin 
(bi-BSA), Cy3 conjugated anti-biotin (Cy3-anti-biotin), bovine serum albumin 
(BSA), were all purchased from Sigma-Aldrich (Singapore). Sodium dodecyl 
sulfate (SDS), 10% (w/v), biotechnology grade, was obtained from 1st BASE 
(Singapore). Poly (dimethylsiloxane) (PDMS) stamps were prepared from 
Sylgard 184 (Dow Corning, Midland, U.S.A.). Liquid crystal 
4-pentyl-4’-cyano-biphenyl (5CB) and ethanol (commercial grade) were 
purchased from Merck (Singapore). All aqueous solutions were prepared in 
deionized water with a resistance of 18.2 MΩ cm-1. 
 
6.2.2 Preparation of DMOAP-Coated Glass Slides and Silicon Wafers 
First, glass slides were immersed in a 5% (v/w) Decon-90 solution (a 
commercially available detergent) for 2 h. Then, they were rinsed with 
copious amounts of deionized water and cleaned in an ultrasonic bath twice, 
each time for 15 min. Subsequently, the slides were etched with a 4.0 M 
sodium hydroxide solution for 30 min and rinsed thoroughly with deionized 
water. For silicon wafers, they were cleaned in piranha solution (30% (v/v) 
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hydrogen peroxide and 70% (v/v) sulfuric acid) at 80 oC for 1 h (Yang et al., 
2005). (Caution: Piranha solution can react strongly with organic 
compounds. It should be handed with extreme care, and it should not be 
stored in closed containers.) The silicon wafers were then rinsed with ethanol 
and deionized water and dried under a stream of nitrogen. Subsequently, the 
DMOAP-coated slides were formed by immersing the clean glass slides or 
silicon wafers into an aqueous solution containing a 0.1% (v/w) DMOAP 
solution for 5 min at room temperature. To remove the unreacted DMOAP 
from the surface, the DMOAP-coated slides were rinsed five times with 
deionized water and dried under a stream of nitrogen. Finally, the 
immobilized DMOAP was cross-linked in a vacuum oven at 100 oC for 15 
min.  
 
6.2.3 Fabrication of Flat PDMS Stamps 
Flat PDMS stamps were prepared by casting Sylgard 184 on a clean and flat 
silicon wafer. The stamps were then degassed in vacuum to remove air 
bubbles, and cured at 100 oC for 3 h. Next, a Soxhlet device was used to 
extract unreacted starting materials of PDMS into ethanol. Finally, the clean 
PDMS stamp was baked at 100 oC for 1 h to vaporize any ethanol trapped 
inside the PDMS stamp.  
 
6.2.4 Surface Feature Definition of Flat PDMS Stamp by UV  
First, TEM grids with square holes were placed on the flat PDMS stamps. The 
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PDMS stamp with TEM grids on its top was then placed 1.5 cm below a UV 
pen lamp (254 nm, Sigma-Aldrich, Model 11SC-1) in an open-ended glass 
tube to expose for desired time. In this configuration, only square regions, 
which were not shielded by metal bars of the TEM grid, were exposed to UV. 
After UV exposure, the grids were removed from the PDMS surface and the 
surface was ready for μCP of proteins. For most experiments, an exposure 
time of 5 min was used.  
 
6.2.5 Microcontact Printing Proteins by Using Flat PDMS Stamp 
After removing the grids from the UV exposed PDMS surface, the PDMS 
stamp surface was covered with protein solution (0.05 mg/mL in PBS buffer) 
to incubate for 1 h. After that, the protein solution was removed from the 
PDMS surface by using a micro pipette. The stamp was then rinsed with PBS 
solution with 0.01% SDS and followed deionized water. After drying under a 
stream of nitrogen, the PDMS stamp surface was brought into conformal 
contact with a DMOAP-coated glass slide. After 2 min of contacting, the 
stamp was peeled off from the surface, and the glass substrate was dried with 
nitrogen for subsequent analysis. 
 
6.2.6 Examination of Proteins on the Flat PDMS Stamp by Fluorescence 
Microscope 
Protein FITC-IgG (0.05 mg/mL in PBS buffer) was first incubated on the UV 
exposed flat PDMS stamp for 1 h. After rinsing and drying, the protein on the 
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PDMS stamp was observed with a fluorescence microscope (Eclipse E200, 
Nikon, Japan), which was equipped with an FITC/EGFP filter (U.S.A.). The 
method is similar to those described in Section 4.2.7. After the printing 
described as above, this PDMS stamp was observed again under the 
fluorescence microscope. 
 
6.2.7 Examination of Printed Proteins by Immunostaining Protocol 
First, protein IgG and bi-BSA with the same concentration (0.05 mg/mL) 
were printed on one piece of DMOAP-coated glass slide by two flat PDMS 
stamps as described above, respectively. For differentiation, IgG was printed 
with UV exposed flat PDMS through square grids, whereas bi-BSA was done 
with strip grids. The glass sample was then blocked with BSA (1.0 mg/mL in 
PBS buffer) for 1 h at room temperature to prevent nonspecific adsorption of 
antibodies. Subsequently, samples were rinsed with PBS buffer, water and 
dried under a stream of nitrogen. Finally, antibody solutions of Cy3-anti-IgG 
or Cy3-anti-biotin (0.01 mg/mL for each) was loaded onto the sample surface 
covered by a lifter coverslip (Erie scientific, U.S.A.), which was placed on top 
of the sample surface such that the total volume of the solution was fixed (~ 
30 µL). After 2 h, the sample was rinsed with PBS buffer with 0.1% SDS and 
deionized water. Images of fluorescence-labeled antibodies bound to printed 
proteins of IgG or bi-BSA by the flat PDMS stamp on glass substrates were 
captured by using a fluorescence microarray scanner (Genepix Personal 
4100A, Molecular Devices, U.S.A.) equipped with a 532nm laser. 
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6.2.8 Imaging Printed Proteins on DMOAP-Coated Glass Slides by using 
LCs 
A LC optical cell can be fabricated by pairing two DMOAP-coated glass 
slides, one without any further treatments and the other with printed proteins 
by the UV-treated flat PDMS stamp. These two slides were aligned (facing 
each other) and separated from each other with a fixed distance (~ 6 µm) by 
using two strips of Mylar films at both ends of the glass slides. The optical 
cell was secured with two binder clips. To fill up the empty cell with LCs, a 
drop of LCs 5CB was dispensed onto the edge of the cell, and the 5CB was 
withdrawn to the space between two glass slides by capillary force. Finally, 
the optical textures of the LCs inside the optical cell were observed under 
crossed polars with a polarized microscope (Nikon ECLIPSE LV100POL, 
Tokyo, Japan) in the transmission mode. 
 
6.2.9 Studies of Protein Transfer Efficiency, Reusability of UV Exposed 
PDMS Stamp, and Lifetime of the Stamp after UV Exposure 
For study of protein transfer efficiency, we first loaded 0.05 mg/mL IgG on 
the UV exposed flat PDMS surface, and the PDMS stamp performed the μCP 
of proteins on the glass substrate as described above. In the following, without 
any further treatments, the PDMS stamp was directly brought into conformal 
contact with another glass slide to conduct μCP again. To examine the 
reusability of the UV exposed PDMS stamp, after the first printing, the PDMS 
stamp was rinsed with PBS buffer with 0.1% SDS, deionized water and dried. 
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Fresh IgG solution was then applied to the stamp surface again, and the μCP 
process was repeated. The same rinsing, reloading and printing cycle were 
repeated continuously seven times. For the study of lifetime of the stamp after 
UV exposure, the UV-treated PDMS stamp first performed the μCP. After left 
in ambient conditions for 6 days, the stamp was reloaded with fresh protein 
solutions and the same printing process was repeated again. LC detection 
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6.3 Results and Discussions 
6.3.1 Microcontact Printing of Proteins 
The experimental set-up used in our experiments is shown in Scheme 6.1. We 
first placed a TEM grid with square holes on a flat PDMS stamp, and then 
exposed the stamp to UV (254 nm) for 5 min. In this configuration, only 
square regions not shielded by metal bars of the TEM grid were exposed to 
UV. After the UV exposure, the TEM grid was removed from the PDMS 
surface and the stamp is ready for μCP of proteins. Figure 6.1a shows the 
Scheme 6.1 Procedures for the μCP of protein micropatterns by using flat 
PDMS stamps with UV defined features. a) TEM grids with square holes 
were placed on the surface of a flat PDMS stamp and then the surface was 
exposed to UV (254 nm) for 5 min. b) After TEM grids were removed from 
the surface, few microliter of protein solution was applied to the surface. c) 
After incubation for 1h, the protein solution was removed and the PDMS 
stamp was rinsed and blown dry. d) The PDMS stamp was brought into 




fluorescence images of microcontact printed FITC-IgG on a 
DMOAP-decorated glass slide. From the green fluorescence micropattern, we 
can clearly see that protein on the PDMS stamp is only transferred from 
regions which were covered by the TEM grids. This phenomenon suggests 
that after UV exposure, a physical or chemical micropattern (same as the TEM 
grid) is developed on the flat PDMS. This is a very useful technique because it 
allows one to introduce a surface pattern onto a flat PDMS stamp for μCP. 
Next, because most native proteins are not fluorescently labeled, we sought to 
determine whether these proteins also can be printed. The experimental 
procedure was the same as above except that protein IgG used in the 




Figure 6.1 Selective transfer of proteins from a flat PDMS stamp (with UV 
defined features) to the surface of a DMOAP-coated glass slide by using μCP. 
a) A fluorescence image showing only FITC-IgG in the regions shielded with 
TEM grids during UV exposure was transferred from the PDMS surface to 
the slide during μCP. b) A liquid crystal image showing a similar experiment, 
but the fluorescently labeled protein FITC-IgG was replaced with a 
nonfluorescently labeled IgG. 
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LC-based detection method reported earlier in Chapter 7. Figure 6.1b shows 
an optical image of a thin layer of LC supported on a glass slide with 
microcontact printed IgG. Based on our previous studies on LC, bright 
appearance of LC is caused by the presence of surface-immobilized proteins. 
Thus, we can conclude from Figure 6.1 that only IgG adsorbed in unexposed 
regions can be transferred. There are two possible reasons for the selective 
transfer of proteins during μCP. First, proteins adsorb uniformly on the entire 
PDMS surface, but only those adsorbed in the unexposed regions are 
selectively transferred to the glass slide during μCP. The second possibility is 
that proteins selectively adsorb in unexposed regions after the UV exposure, 
but μCP does not lead to selective transfer of proteins. 
 
6.3.2 Principles of Selective μCP of Proteins 
To test these two possibilities, we compared the fluorescence images of a 
PDMS stamp before and after μCP. In Figure 6.2a, green fluorescence can be 
observed on the whole PDMS surface, and there is no big difference between 
the exposed and unexposed regions. This indicates that FITC-IgG can adsorb 
uniformly on the surface after the UV exposure. Moreover, Figure 6.2b shows 
that after μCP, only proteins adsorbed in the unexposed area are transferred. 
Thus, we can conclude that the protein micropattern found in Figure 6.1 is 
caused by a “selective transfer” mechanism rather than by a “selective 




To further explore the mechanism responsible for the selective transfer of 
protein during μCP, we investigated the changes of water contact angles on the 
surface of a flat PDMS stamp as a function of UV exposure time. Figure 6.3 
shows that the water contact angle of the flat PDMS exposed to UV decreases 
with the increasing of UV exposure time. After 5 min of UV exposure, the 
water contact angle changes from 114.8˚ to 111.7˚. Although changes in the 
water contact angle are very small, this result implies that the selective 
transfer of proteins may be caused by the difference in surface energy between 
the UV-exposed and unexposed regions. The decrease in the water contact 
angle could be caused by the generation of a silica-like layer on the PDMS 
surface after UV exposure (Befahy et al., 2008; Hillborg et al., 2000; Olah et 
al., 2005; Waddell et al., 2008). Since it has been reported that the silica-like 





Figure 6.2 Fluorescence images of protein FITC-IgG on a flat PDMS surface 




et al., 2008), which might explain why proteins adsorbed in these regions are 
not transferred to the glass surface during μCP. However, more investigation 
is needed to confirm this hypothesis. 
 
 
6.3.3 Examination of Printed Proteins by Immunoassays  
An important consideration in the μCP of proteins is whether proteins can be 
used to identify the target proteins in analytes after they are transferred. To 
verify this, the printed proteins were examined by using antibodies and 
immunoassays. First, human IgG and bi-BSA were printed on a glass slide, 
and the whole surface was then covered with PBS buffer containing 
Cy3-anti-IgG for 2 h. Fluorescence images in Figure 6.4a show that 
Cy3-anti-IgG only binds to IgG, which suggests that the printed IgG and 




















UV Exposure Time (min)
Figure 6.3 Changes in the static water contact angles on the surface of 




bi-BSA still can be differentiated by using anti-IgG. Similarly, when we 
covered the surface of another slide with PBS buffer containing 
Cy3-anti-biotin for 2 h, the antibody Cy3-anti-biotin can also differentiate 
printed bi-BSA and IgG as shown in Figure 6.4b. The results of 
immunoassays, when combined, imply that the printed protein still can only 
recognize their specific antibodies with high sensitivity after the μCP process. 
 
6.3.4. Protein Transfer Efficiency 
Next, we examined protein transfer efficiency in each μCP step. In this 
experiment, we used an IgG-loaded PDMS stamp (0.05 mg/mL IgG solution) 
for μCP of proteins on 3 different surfaces consecutively without reloading the 
stamp. Once again, LC method was used to quantify the amount of proteins 
       Cy3-anti-IgG  
a 
1mm 
Printed bi-BSA Printed IgG 
b 
1mm 
       Cy3-anti-biotin  
Printed bi-BSA Printed IgG 
Figure 6.4 Fluorescence immunoassays by using printed proteins of human 
IgG (square pattern) and bi-BSA (line pattern).  
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transferred in each step. Figure 6.5a and 6.5b show the images of LC cells 
made from the first and the second printed glass slide, respectively. The blue 
and red colors in Figure 6.5a indicate the presence of a large amount of 
proteins on the surface, based on our experimental results reported in Chapter 
8 (more detail about the quantitative protein analysis by using LCs can be 
found in section 8.3.3). However, in Figure 6.5b, no colorful grid image can 
be observed. Because our previous study showed that the LC detection limit 
for IgG solution is 0.005 mg/mL in this system (Chapter 7), we can conclude 
that most proteins can be transferred from the stamp to the glass slide during 
the first printing. Therefore, this indicates that the printing method described 







Figure 6.5 Protein transfer efficiency during μCP. The transferred proteins 
were imaged by using the LC method. a) After the first μCP, b) after the 
second μCP. The result demonstrates that most proteins can be transferred 
during the first printing. 
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6.3.5 Reusability of the UV-Defined Flat PDMS Stamps   
Furthermore, we investigated the reusability of the flat PDMS stamp for μCP 
of proteins. After the first μCP of proteins, the PDMS stamp was rinsed and 
dried, and the stamp was re-inked with fresh IgG solution (the whole process 
is considered as one μCP cycle). The same μCP cycle was repeated 7 times. 
Figure 6.6a ~ 6.6f show the LC images obtained from the second to the 
seventh cycle. From the colorful textures of LC, we can conclude that similar 
amounts of protein IgG were transferred in each cycle. This indicates that 
even after seven cycles, protein IgG still can be printed on the glass surface by 
using the same stamp. This demonstrates that the UV treated flat PDMS stamp 
can be reused several times for μCP of proteins.  
 
Finally, we studied the lifetime of the UV treated flat PDMS for μCP of 
proteins. In the past, a large number of studies have shown that the surface of 
Figure 6.6 Reusability of a flat PDMS stamp for multiple μCP with protein 
reloading after each printing step. The printed proteins were imaged by using 
the LC method. (a)-(f) are LC images obtained after 2nd, 3rd, 4th, 5th, 6th, and 
7th μCP cycle. These results imply that the UV treated flat PDMS can be 
reused for protein printing without losing much transfer efficiency. 




oxygen-plasma-treated PDMS returns to its original hydrophobic state within 
24 h (Eddington et al., 2006), which implies that the surface of our UV-treated 
PDMS may also experience the same problem. To evaluate the lifetime of our 
UV-treated PDMS stamp, we first performed μCP with a UV-treated PDMS 
stamp, and then left the stamp in ambient conditions for 6 days. The stamp 
was then reloaded with fresh protein solution and the same printing process 
was repeated again. LC images in Figure 6.7b shows that the UV-treated 
stamp is still effective for μCP of proteins, which is very surprising. In fact, 
the obtained protein transfer efficiency (Figure 6.7b) is almost the same as that 
on the first day (Figure 6.7a). This suggests that the stamp treated by our 
method is long-lasting and effective for protein printing. We also measured the 





Figure 6.7 Lifetime study of the UV exposed flat PDMS stamp for protein 
micropattern transferring during μCP. (The transferred proteins were 
imaged by using the LC method.) a) stamp was used right after the UV 




after 6 days period, and found that the value of water contact angle does not 
change with time even for 6 days long. This property greatly facilitates the 























In summary, we demonstrated that protein micropatterns can be microcontact 
printed on glass substrate by using a flat PDMS, which has been exposed to 
UV (254 nm) through a photomask (a TEM grid). The printed proteins on the 
glass slide can only bind with their own specific antibodies after the μCP 
process by our immunoassay tests. Our fluorescence images on the UV 
defined flat PDMS demonstrate that the protein micropatterns are formed due 
to the selective transferring of proteins from the PDMS. This is probably 
caused by the generation of a silica-like layer on the flat PDMS after UV 
exposure. Furthermore, our consecutive printing results suggest that most 
proteins can be transferred during the μCP process. In addition, we found that 
the UV defined flat PDMS has a long shelf-life and can be reused many times 
without losing any protein transfer efficiency. Therefore, the fabrication of 
protein micropatterns by UV defined flat PDMS stamp is simple and 
convenient because it avoids complex photolithography or e-beam lithography 
for mold preparation and possible damage of printed micropatterns by the 
deformation of structured PDMS stamp. The printing method described here 
shows promise for fast and effective printing of a large number of proteins on 
















DARK-TO-BRIGHT OPTICAL RESPONSE OF LIQUID 
CRYSTALS SUPPORTED ON SOLID SURFACES 
















In Chapters 3-6, we explored various methods for spatially arranging proteins 
on surfaces to form protein microarrays. In Chapter 7 and 8, we will focus on 
the development of a liquid crystal (LC) based label-free detection method for 
protein detection. Currently, a large number of protein detection methods 
suitable for applications in protein assays have been developed (Backmann et 
al., 2005; Bautista and Mateos-Nevado, 1998; Becher et al., 2006; 
Leis-Esnaola and Lafnente-Sanchez, 2007; Wendler et al., 2005). For 
example, chemical reagents that bind to certain amino acids or peptide bonds 
are often added to a protein solution first. Then, the concentration of the 
protein is determined by measuring the absorbance of the solution. The 
advantages of these protein assays include simplicity and a quick response. In 
addition, they can be performed in microtiter plates to facilitate the parallel 
analysis of multiple samples. However, in these protein assays, the protein 
concentration often correlates with the absorbance of a sample in a linear 
fashion. Therefore, it is very difficult, if not impossible, to discriminate a 1 
µg/mL difference in the protein concentration, unless the absorbance is 
measured very accurately. For example, when a simple UV absorbance 
method is employed to measure the concentration of BSA, a change of 1 
µg/mL in the BSA concentration will result in a change of 6.6 × 10-4 
absorbance unit at 280 nm, which exceeds the smallest reliable signal of a 
modern UV spectrometer (~ 0.001). Furthermore, sometimes whether the 
protein concentration exceeds a certain limit is more important than its actual 
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value (such as in a simple food safety test or pregnancy test). It is also much 
easier for a non-technical person to understand a simple positive or negative 
result from the protein assay than the meaning of a particular absorbance 
value. 
 
Because of the limitation of currently available methods, a new format of 
protein assay that can not only differentiate two protein concentrations with a 
1 µg/mL difference but also provide simple positive or negative results is 
critically needed. In the past, several studies have demonstrated that the 
orientations of liquid crystals respond to minute changes on solid surfaces and 
generate optical signals that can be measured with the naked eye. The 
LC-based detection principle is viable because mesogens (molecules that 
make up the liquid crystal phase) at the interface can communicate their 
orientation to the molecules in the bulk up to 100 µm (Cognard, 1982; Gupta 
et al., 1998). Thus, orientational changes at the interface caused by the 
disturbance at the solid surfaces can be transduced and amplified by LCs into 
a global orientational transition, leading to different optical textures of LCs 
(Luk et al., 2004a; Luk et al., 2004b; Shah and Abbott, 2001a; Zhao et al., 
2005). In the past, a number of LC-based detection principles for reporting the 
presence of protein on solid surfaces have been reported. For example, it has 
been demonstrated that a gold surface with a uniform corrugation can be used 
to align the orientations of LCs uniformly in the same direction as the 
corrugation. However, when proteins bind to the gold surface, the corrugation 
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is masked by the proteins and the uniform orientations of LCs supported on 
the gold surfaces are disrupted as a result (Clare and Abbott, 2005; Luk et al., 
2004a; Luk et al., 2003). In addition, proteins can also be imaged by using 
LCs when proteins are printed on a glass slide by using a polymeric stamp in a 
unidirectional manner. The printed proteins can cause uniform alignments of 
LCs supported on them (Tingey et al., 2004a). These detection principles, 
however, rely on the changes of the azimuthal orientations of LCs, either from 
uniform to random (in the first case) or from random to uniform (in the second 
case) before and after the protein immobilization. However, it is difficult to 
measure minute changes of azimuthal orientations to quantify the differences 
between uniform and random textures of LCs.  
 
Herein, we exploited a new mechanism to report the presence of proteins 
adsorbed on surfaces without using the changes of the azimuthal orientations 
of LCs. Unlike any of the past studies, we used a LC cell that aligns LCs 
homeotropically (perpendicularly) on both surfaces as introduced in Chapter 
2.4.3. We hypothesize that, when proteins are adsorbed on one of the surfaces, 
the molecular interactions between proteins and LCs may be able to trigger a 
homeotropic-to-tiled orientational transition, which will then lead to a 
distorted orientational profile inside the LC cell as shown in Figure 7.1. 
Furthermore, it has been reported in the past that the orientational transition 
that occurs within this type of LC cell is discontinuous. The orientations (as 
well as the optical appearance) of LCs exhibit rapid changes when the surface 
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anchoring energy reaches a critical value (corresponding to a water contact 
angle of ~64°.) (Price and Schwartz, 2006), which suggests that the 
orientations of LCs are very sensitive to small changes on surfaces in this 
region. 
 
Another advantage of using a LC cell with two homeotropic boundary 
conditions is a better contrast ratio as compared to other systems reported 
previously. When LCs align homeotropically on both surfaces and in the bulk, 
the optical appearance of the LCs is dark under crossed polars. However, 
when a homeotropic-to-tilted orientational transition is triggered by proteins 
adsorbed on the solid surface, the optical appearance of LCs changes to bright, 
causing an apparent dark-to-bright optical response that can be readily 
distinguished from the dark background by using the naked eye.  
 
Figure 7.1 Orientational profiles of 5CB confined between two 
DMOAP-coated slides with a separation distance of ~6 µm. a) 5CB assumes 
homeotropic (perpendicular) orientations on both surfaces. b) When proteins 
are immobilized on one of the surface, 5CB assumes a planar-to-tilted 
orientation near the surface, causing a distortion in the orientational profile 










7.2 Experimental Section 
7.2.1 Materials 
Glass slides were purchased from Marienfeld (Germany). N,N-dimethyl-N 
-octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP), human IgG, 
FITC conjugated anti-human IgG (FITC-anti-IgG), FITC conjugated 
anti-biotin (FITC-anti-biotin), bovine serum albumin (BSA) were purchased 
from Sigma-Aldrich (Singapore). Liquid crystal, 4-pentyl-4’-cyano-biphenyl 
(5CB), was purchased from Merck (Singapore). All aqueous solutions were 
prepared using deionized water with a resistance of 18.2 MΩ cm-1 (Millipore, 
Singapore). 
 
7.2.2 Protein Immobilization 
To prepare stock solutions, proteins IgG, FITC-anti-IgG, FITC-anti-biotin and 
BSA were dissolved in 0.1 M phosphate-buffered saline (PBS, pH 7.4). Prior 
to use, protein solutions with desired concentrations were obtained by diluting 
the stock solution with PBS buffer. To immobilize protein on the 
DMOAP-coated slides, droplets (~2 µL) of protein solutions with different 
concentrations were spotted in an array format on the surfaces. After 
incubation for 2 h at room temperature, all samples were rinsed with 






7.3 Results and Discussions 
7.3.1 Optical Response of Liquid Crystals to Surface Immobilized 
Proteins  
To investigate the optical responses of LCs triggered by protein adsorbed on 
solid surfaces and to study the effect of protein concentrations on the optical 
responses, we first patterned a DMOAP-coated glass slide with various 
circular domains of IgG solutions with different concentrations in an array 
format. This slide was then paired with another DMOAP-coated glass slide to 
make a LC cell (The preparation of LC detection cell is the same as that 
described in Section 6.2.8). Figure 7.2 shows the optical image of a typical LC 
cell under crossed polarized light. Apparently, the circular regions where PBS 
buffer (control experiment) and protein solution with a lower concentration 
 
Figure 7.2 Optical micrographs (under crossed polars) of a thin layer of 
LC 5CB confined between two DMOAP-coated slides. One of the slides 
was patterned with circular domains of protein IgG in an array format. 
The number shown above each circle indicates the concentration (µg/mL) 
of the protein solution applied to the surface.  
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(1.0 µg/mL) were applied cannot be distinguished from the dark background. 
In contrast, other regions dispensed with protein solutions having higher 
concentrations (≥ 5.0 µg/mL) show very distinct optical signals, which can be 
easily distinguished from the dark background. This result suggests that the 
protein-laden surface is able to dictate the anchoring of LCs supported on the 
surface and causes a distorted orientational profile of LCs within the cell (A 
detailed illustration of this mechanism is shown in Figure 7.1.). In addition, 
because LCs are optically birefringent, the distorted orientational profile can 
cause a particular interference color under crossed polarized light as shown in 
Figure 7.2. We also make several other observations in Figure 7.2. First, the 
optical signal of LCs changes from dark to bright in a small concentration 
range between 1.0 µg/mL and 5.0 µg/mL. The result further implies that the 
optical appearance of LCs changes in a discontinuous manner. The 
orientations of LCs may undergo a transition when the surface protein 
concentration exceeds a critical value. Second, we notice that when a very 
high protein concentration (50.0 µg/mL) was used, the surrounding areas were 
contaminated, as is evident by the optical textures of LCs in Figure 7.2. 
Therefore, we believe that when the protein concentration is too high, proteins 
may adsorb on the surface in multilayers, which can migrate to the 





Because it is surprising that the dark-to-bright transition of LCs occurs within 
a very small concentration range, we further explored this phenomenon by 
testing various concentrations of proteins between 4.0 µg/mL and 10.0 µg/mL 
(with an increment of 1.0 µg/mL for each spot). Figure 7.3a shows that, when 
the concentration of IgG is 4.0 µg/mL, the optical image of the LCs remains 
dark. However, when the concentration of IgG is only increased by 1.0 µg/mL 
to 5.0 µg/mL, an abrupt dark-to-bright transition in the optical image of the 
LCs occurs. For convenience, we define the minimum concentration needed to 
trigger such a dark-to-bright transition as the critical concentration for that 
 PBS 3.0 4.0 
5.0 6.0 7.0 
b 
PBS 0.22 0.24 0.28 0.31 
0.37 0.44 0.55 0.61 0.69 
d 
PBS 4.0 5.0 




PBS 0.25 0.29 
0.33 0.40 0.50 
c2mm 
Figure 7.3 Optical micrographs (under crossed polars) of a thin layer of LC 
5CB sandwiched between two DMOAP-coated slides (one of the glass slides 
was patterned with circular regions of immobilized proteins). These proteins 
are a) IgG, b) BSA, c) FITC-anti-biotin, and d) FITC-anti-IgG. The number 
shown above each circle indicates the concentration (µg/mL) of the protein 
solution applied to the surface.  
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particular protein. To investigate as to whether this dark-to-bright transition at 
a critical concentration is a unique property for IgG, we also tried three other 
proteins. As shown in Figure 7.3b-d, all of the proteins exhibited similar 
dark-to-bright transitions within a very small concentration range. 
Nevertheless, the critical concentration is different for each protein. For 
example, the critical concentration is 5.0 µg/mL for IgG, 6.0 µg/mL for BSA, 
0.40 µg/mL for FITC-anti-biotin, and 0.37 µg/mL for FITC-anti-IgG. We 
propose that the difference may be caused by several factors, such as the 
amount of proteins immobilized on the DMOAP-coated glass slide and the 
molecular interactions between the LCs and immobilized proteins.  
 
In the meantime, the sensitivity of the LC-based protein assay and the 
fluorescence-based protein assay was compared. First, we measured the 
fluorescence luminescence of immobilized FITC-anti-IgG and 
FITC-anti-biotin before the liquid crystals were filled. Next, we quantified the 
intensities of the light transmitted through the LC cell from the regions of 
immobilized proteins. The comparison of the fluorescence luminescence and 
light intensity is shown in Figure 7.4. As we expected, the fluorescence 
luminescence is roughly proportional to the protein concentration, which is 
similar to the solution-based protein assays in which the absorbance of a 
protein solution is proportional to the protein concentration. For the light 
transmitted through the LC cell, however, the intensity of light showed a sharp 
increase when the concentration of FITC-anti-IgG was increased from 0.31 
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µg/mL to 0.37 µg/mL as shown in Figure 7.4a. For FITC-anti-biotin, a similar 
jump in the light intensity was observed when the protein concentration was 
increased from 0.33 µg/mL to 0.40 µg/mL. At these two points, we noticed 
that the changes in the fluorescence luminescence were relatively small, 
especially when they are compared to the sudden changes of transmission 
light intensities caused by the reorientation of LCs. We believe this unusual 
sensitivity of LCs shown in Figure 7.4 does not only have scientific 
importance but also has practical applications. Because the LCs respond to the 





































































Figure 7.4 Comparison of the fluorescence luminescence (signal-to-noise 
ratio) of the immobilized FITC-labeled proteins and the intensity of light 
transmitted through a thin film of 5CB (~6 µm) supported on a) 
FITC-anti-IgG and b) FITC-anti-biotin. The inset fluorescence images show 
no dramatic increase in the fluorescence luminescence across the critical 
concentrations (between 0.31 µg/mL and 0.37 µg/mL for FITC-anti-IgG, and 
between 0.33 µg/mL and 0.40 µg/mL for FITC-anti-biotin), but the intensities 





and only give two types of optical responses (dark or bright), it may be useful 
to design portable protein arrays that can be used in certain types of analyses 
in which a simple positive or negative test result (such as a pregnancy test) is 
required.  
 
7.3.2 Principles for Orientational Transition of LCs at Critical Points 
To understand the underlying principle that dictates the orientational transition 
of LCs in contact with proteins and investigate how the critical concentration 
is related to the orientational transition of LCs, we measured the ellipsometric 
thicknesses on a DMOAP-coated silicon wafer at three different locations 
where proteins were immobilized at different concentrations (critical 
concentration and just below and just above the critical concentration based 
on Figure 7.3). From experimental results in Table 7.1, we conclude that the 
  Below the critical concentration 
At the critical 
concentration a 
Above the critical 
concentration 
IgG 9.1 ± 0.8 16.2 ± 1.1 18.2 ± 2.9 
BSA 5.3 ± 1.7 9.4 ± 1.3 9.1 ± 1.9 
FITC-anti-IgG 5.0 ± 1.9 6.0 ± 0.4 7.3 ± 1.0 
FITC-anti-biotin 3.1 ± 0.0 7.8 ± 0.9 11.0 ± 0.6 
Table 7.1 Increases in Surface Thicknesses (Å) on the DMOAP-Modified 
Silicon Wafers with Immobilized Proteins on the Surfaces.  
a The critical concentrations used in this experiment were determined from 
Figure 7.3. The critical concentrations (5.0 µg/mL for IgG, 6.0 µg/mL for 
BSA, 0.40 µg/mL for FITC-anti-biotin and 0.37 µg/mL for FITC-anti-IgG) 
were defined as the minimum protein concentrations that lead to bright optical 
textures of liquid crystals supported on the surfaces. The concentrations above 
and below the critical concentrations are also determined from Figure 7.3. 
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ellipsometric thicknesses generally increase with the increase of the protein 
concentrations, which suggests that the amount of proteins immobilized on the 
surface increases when the protein concentration is increased. However, there 
is no obvious correlation between the ellipsometric thicknesses and the critical 
concentrations. Because the anchoring of LCs on a solid surface is not only 
affected by the surface topography, but also affected by the surface energy, we 
measured the water contact angle on the DMOAP-coated silicon wafer after 
each protein solution with a critical concentration applied to the surface. Our 
result shows that the water contact angle changes to 62.9 ± 0.6° for IgG, 67.7 
± 0.7° for BSA, 67.4 ± 0.9° for FITC-anti-biotin, and 72.0 ± 0.7° for 
FITC-anti-IgG, respectively. These values are in reasonable agreement with a 
past study showing that the orientation of 5CB supported on a surface with a 
chemical gradient changes from homeotropic to tilted or planar when the 
water contact angle exceeds ~ 64° (Price and Schwartz, 2006). To further 
elucidate the interactions between LCs and the surface decorated with 
proteins, we examined the LC contact angles on the regions where each 
protein was immobilized around its critical concentration. In Table 7.2, we 
observe that the LC contact angles decrease with the increase of protein 
concentrations. In addition, when the protein concentration is lower than the 
critical concentration, the LC contact angle is always larger than 29.0o. When 
the concentration reaches the critical value, a drop in the LC contact angle is 
observed for all four proteins. On the basis of these results, we propose that 
the sharp dark-to-bright optical response of LCs is caused by the change in the 
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LC contact angles that originates from the adsorbed proteins. When the LC 
contact angle becomes lower than 29.4o, the preferential alignment of LCs 
supported on the protein-coated surface changes from homeotropic to tilted or 
planar. As a result, a dark-to-bright transition can be observed. 
 
7.3.3 Effects of Thicknesses and Surface Conditions on Detection 
Sensitivity  
Finally, we examined the influence of cell thickness and the surface coating 
condition on the sensitivity of this system. Once again, we patterned a 
DMOAP-coated glass slide with BSA at various concentrations, but the 
coating time for DMOAP was reduced to 5 s (as compared to 5 min in our 
original procedure) to lower the amount of DMOAP coated on the surface. 
Then, we made four LC cells with various thicknesses of spacer (3 µm, 6 µm, 
9 µm, and 15 µm) and filled them with 5CB. As shown in Figure 7.5a, the 
  Below the critical concentration 
At the critical 
concentration a 
Above the critical 
concentration 
IgG  30.0 ± 1.5 b 23.7 ± 1.8 20.0 ± 1.6 
BSA 39.2 ± 0.2 27.5 ± 0.2 27.5 ± 0.3 
FITC-anti-IgG 29.4 ± 0.5 24.6 ± 1.9 24.8 ± 1.7 
FITC-anti-biotin 29.6 ± 0.4 28.1 ± 0.6 27.7 ± 1.8 
 
Table 7.2 The LC Contact Angles (°) on the DMOAP-Modified Silicon 
Wafers with Immobilized Proteins on the Surfaces.  
a The definition of the critical protein concentrations is the same as Table 7.1. 
b The original LC contact angle on a DMOAP-coated silicon wafer before the 
application of IgG is 31.5 ± 0.4°. 
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appearances of these LC cells are very similar. Surprisingly, despite of the 
different cell thickness and different DMOAP coating time, the dark-to-bright 
transition for each cell still occurred exactly at 6.0 µg/mL, which is the same 
as our previously measured critical concentration for BSA as shown in Figure 
Figure 7.5 Optical micrographs (under crossed polars) of a thin layer of LC 
5CB sandwiched between a DMOAP-coated glass slide (top) and a 
DMOAP-coated glass slide with circular regions of immobilized BSA 
(bottom). The optical LC cell was made by spacers with different thicknesses 
(3 µm, 6 µm, 9 µm, and 15 µm) and the bottom DMOAP-coated glass slides 
were obtained by immersing clean glass slides into a DMOAP solution for a) 
5 s and b) 10 s, respectively. 
 
a 
PBS 1.0 2.0 3.0 4.0





PBS 1.0 2.0 3.0 4.0 




7.3b. This result indicates that the critical protein concentration that 
determines the beginning of the dark-to-bright transition is insensitive to the 
cell thickness. This phenomenon is also consistent with the dual-easy-axis 
model in which the abrupt change of optical appearance of liquid crystals is 
only determined by surface conditions, but not by the cell thickness (Giovanni 
and Charles, 2005; Price and Schwartz, 2006). To demonstrate the 
reproducibility and robustness of this system, we repeated the same 
experiment by using a glass slide coated in DMOAP solution for 10 s. From 
Figure 7.5b, the dark-to-bright transition still occurred at the same 
concentration for all cell thicknesses tested in this experiment. This suggests 
that the system has a good reproducibility and robustness. In addition, we 
compared Figure 7.3b and samples of the second row in Figure 7.5a and 
Figure 7.5b where the cell thicknesses in these experiments are all the same, 
but the coating time for DMOAP varied from 5 s to 5 min. We can see that a 
longer coating time leads to a more saturated circle in Figure 7.3b (probably 
because the coating is more compact and uniform), but that does not affect the 
critical concentration (6.0 µg/mL for BSA) in all cases. This finding further 
confirms that the critical concentration reported in our study is highly 
reproducible and is not affected by some of the experimental conditions such 







In summary, we have demonstrated the optical responses of LCs (5CB) to 
proteins adsorbed on solid surfaces by using LC cells with two homeotropic 
boundary conditions. When the protein concentration exceeds a critical value, 
the optical appearance of LCs changes from dark to bright within a small 
concentration range. This phenomenon can be used to distinguish a difference 
in the protein concentration as small as 1 µg/mL, a difference that is difficult 
to be distinguished by using a solution-based protein assay. We also used 
different proteins (IgG, BSA, FITC-anti-IgG, and FITC-anti-biotin) to 
demonstrate the generality of this phenomenon and determined the critical 
concentrations sufficient for triggering the dark-to-bright optical responses by 
using these proteins (i.e., IgG 5.0 µg/mL, BSA 6.0 µg/mL, FITC-anti-biotin 
0.40 µg/mL, and FITC-anti-IgG 0.37 µg/mL). Surprisingly, the critical protein 
concentration needed to trigger an orientational transition of 5CB is 
independent of the LC cell thickness and the coating time of DMOAP. 
Nevertheless, this unusual phenomenon is consistent with the “dual-easy-axis” 
model that predicts the discontinuous orientational transition of 5CB in a cell 
with two homeotropic boundary conditions. Because of the unique 
dark-to-bright response and the insensitivity to experimental conditions, the 
LC-based protein arrays may be very useful for screening purposes, especially 
when a simple positive or negative answer is required. It also shows great 













EXPLORING OPTICAL PROPERTIES OF LIQUID 
CRYSTALS FOR DEVELOPING LABEL-FREE AND 














In Chapter 7, we have shown that LCs can be used as a label-free detection 
tool for reporting the presence of proteins adsorbed on surfaces. Herein, we 
further explore the application of LC detection method in microfluidic system 
to develop label-free and miniaturized immunoassays. Immunoassays 
developed in microfluidic systems have attracted a lot of attention in recent 
years, because they require less sample volume and have faster reaction time 
(Delamarche et al., 2005; Erickson and Li, 2004; Schulte et al., 2002; Stone et 
al., 2004; Weigl et al., 2003; Weigl and Yager, 1999; Weston and Hood, 
2004; Whitesides, 2006). However, the major challenge to miniaturize current 
microfluidic immunoassays into useful lab-on-chip devices is the detection 
mechanism. Since most microfluidic systems still heavily rely on enzyme 
catalyzed reactions or fluorescence (e.g. immunofluorescence assays) for 
detection (Caelen et al., 2000; Cesaro-Tadic et al., 2004; Malmstadt et al., 
2004; Villalta et al., 2005; Wolf et al., 2004; Yakovleva et al., 2002), the use 
of bulky equipment such as spectrometers or fluorescent microscopes 
preclude the use of microfluidic immunoassays for point-of-care (POC) 
applications. Furthermore, labeling antibodies with enzymes or fluorescence 
probes requires additional working steps which further limit the possibility of 
preparing a fully integrated system. To address this issue encountered in 
microfluidic immunoassays, we demonstrate a label-free detection mechanism 
based on the interactions between liquid crystals and antibodies. We show that 
by covering microfluidic immunoassays with a thin layer of liquid crystals, 
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antibody concentrations can be quantified as length of bright LC region in 
microfluidic channels and the test results can be readily observed with the 























8.2 Experimental Section 
8.2.1 Materials 
All glass slides were purchased from Marienfeld (Germany). N,N-dimethyl-N 
-octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP), human IgG, 
FITC–conjugated anti-human IgG (FITC–anti-IgG), anti-human IgG, 
biotin-labeled albumin (bi-BSA), FITC-conjugated anti-biotin 
(FITC-anti-biotin), anti-biotin, bovine serum albumin (BSA), were all 
purchased from Sigma-Aldrich (Singapore). Sodium dodecyl sulfate (SDS), 
10% (w/v), biotechnology grade, was obtained from 1st BASE (Singapore). 
Liquid crystal, 4-pentyl-4’-cyano-biphenyl (5CB), was purchased from Merck 
(Singapore). PDMS stamps were prepared from Sylgard 184 (Dow Corning, 
Midland, U.S.A.). All aqueous solutions were prepared in deionized water 
with a resistance of 18.2 MΩ cm-1 (Millipore, Singapore). Oxygen (purity of 
99.7%) was purchased from National Oxygen (Singapore). 
 
8.2.2 Fabrication of Microfluidic System 
The surface of PDMS with embossed microfluidic channels was prepared by 
casting Sylgard 184 on a silicon master with raised features (W × D × L : 200 
μm × 160 μm × 50.9 mm). The silicon masters was fabricated by defining the 
channel patterns via photolithography onto negative photoresist (SU8-2050, 
Microchem, U.S.A.) spun coated onto a silicon wafer. The PDMS was then 
degassed in vacuum to remove air bubbles, and cured at 70 oC for 3 h. After 
curing, PDMS with microfluidic channels was then cut and peeled off from 
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the master. Inlet and outlet reservoirs (3 mm in diameter) at both ends of 
microfluidic channels were prepared by using a 3-mm-diameter hole puncher. 
Before use, the surface of the PDMS with microfluidic channels was modified 
by using oxygen plasma (100 W, 45 s) to increase its hydrophilicity. Finally, a 
closed microfluidic system was formed by binding the oxygen-plasma-treated 
PDMS and a DMOAP-coated glass slide together. To ensure good sealing of 
microfluidic channels, pressure was applied to the microfluidic system for 












Figure 8.1 a) Schematic illustration of a LC-based microfluidic immunoassay. 
The surface of the glass slide is coated with a layer of antigen (IgG or 
bi-BSA). Buffer solutions containing different antibodies (without labeling) 
can be pipetted into the inlet reservoirs (indicated by arrows), allowing them 
to enter the microfluidic channels by capillary action. After incubation and 
rinsing, a thin layer of LCs is then supported on the glass slide to report the 
result of the immunoassay. b) Cross section SEM image of the microfluidic 
immunoassay showing detailed dimensions of the microfluidic channels (W × 
D = 200 μm × 160 μm). 
Chapter 8 
 142 
8.2.3 Immunobinding Assays 
To prepare stock solutions, proteins IgG, FITC-anti-IgG, anti-IgG, bi-BSA, 
FITC-anti-biotin, anti-biotin and BSA were dissolved in 0.1 M 
phosphate-buffered saline (PBS, pH 7.4). Prior to use, stock solutions were 
diluted with PBS buffer to obtain desired concentrations. Solution containing 
0.003 mg/mL of IgG or bi-BSA was then applied to the entire surfaces of 
DMOAP-coated glass slide, which are known to adsorb proteins strongly and 
align LCs homeotropically (perpendicular to the surface). After incubation for 
2 h at room temperature, the substrates were rinsed with PBS buffer and dried 
under a stream of nitrogen. 20 μL drops of antibody solutions were pipetted 
into the inlet reservoirs and subsequently entered the microfluidic channels by 
capillary action over the IgG- or bi-BSA-decorated DMOAP slides. After 30 
min, PDMS was removed and the sample was rinsed with PBS with 0.1% 
SDS solution and deionized water and then dried under a stream of nitrogen 
for subsequent analysis.  
 
For multiplex analysis in high throughput microfluidic immunoassays, IgG 
and bi-BSA were first immobilized on the surface by injecting 10 μL of both 
solutions (0.003 mg/mL) through microfluidic channels (from bottom to top). 
After 20 min of incubation, the PDMS with microfluidic channels was peeled 
off and the sample was rinsed with buffer solutions and dried with nitrogen. 
Subsequently, 10 μL of solutions of anti-IgG, anti-biotin and mixtures 
containing 1:1 anti-IgG and anti-biotin were injected into individual 
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microfluidic channels over surfaces with immobilized antigens. After 20 min 
of incubation, the PDMS with microfluidic channels was peeled off and the 
samples were rinsed, blown dry and analyzed with LCs.  
 
8.2.4 Fluorescence Detection 
Surfaces decorated with IgG or bi-BSA were first blocked with BSA (1.0 
mg/mL in PBS buffer) for 1 h at room temperature to prevent nonspecific 
adsorption of antibodies. Subsequently, samples were rinsed with PBS buffer, 
water and dried under a stream of nitrogen. Finally, antibody solutions of 
FITC-anti-IgG and FITC-anti-biotin (0.05 mg/mL for each) were injected into 
the microfluidic channels supported on the antigen decorated surfaces. After 
30 min, the slides were rinsed with PBS buffer with 0.1% SDS and deionized 
water. Images of fluorescence-labeled antibodies bind to immobilized IgG or 
bi-BSA on surfaces were captured by using a fluorescence microarray scanner 











8.3 Results and Discussions 
8.3.1 Fluorescence Microfluidic Immunoassays 
To identify suitable experimental conditions for developing a LC-based 
microfluidic immunoassay, we first prepared a fluorescence immunoassay in a 
microfluidic device as shown in Figure 8.1. This microfluidic device 
comprises three serpentine channels supported on an IgG-coated glass slide 
and sealed with PDMS having embedded microfluidic channels. Two 
fluorescence-labeled antibody solutions, FITC-anti-IgG and FITC-anti-biotin, 
were then pipetted into the inlet reservoirs of two separate channels, allowing 
both solutions to enter the microfluidic channels by capillary action. After 
rinsing and drying, fluorescence images as shown in Figure 8.2a was obtained. 
We can draw several conclusions from Figure 8.2a. First, green fluorescence 
only appeared in the FITC-anti-IgG channel, which suggests that the binding 
of FITC-anti-IgG to IgG is highly specific. In contrast, no fluorescence can be 
observed in the FITC-anti-biotin channel, indicating very little or no 
nonspecific adsorption occurred on the surface. Second, the green 
fluorescence decreases continuously in the FITC-anti-IgG channel, indicating 
that the experimental conditions employed here allow the concentration of 
FITC-anti-IgG to deplete in the channel, and that leads to a concentration 
gradient of FITC-anti-IgG in this channel. We also conducted another similar 
experiment with a biotin-labeled albumin (bi-BSA) coated surface. As 
expected, after flowing FITC-anti-IgG and FITC-anti-biotin into two different 
channels, only the FITC-anti-biotin channel showed green fluorescence with a 
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gradient (Figure 8.2b). Further inspection of Figure 8.2a and 8.2b also reveals 
that the fluorescence in the FITC-anti-biotin channel decreases much quickly 
than that in the FITC-anti-IgG channel (Figure 8.2c).  
 























Figure 8.2 Fluorescence-based immunoassays developed in microfluidic 
channels. Fluorescence images of FITC-anti-IgG and FITC-anti-biotin were 
obtained from microfluidic channels supported on a) IgG decorated surfaces 
and b) bi-BSA decorated surfaces. c) intensity of fluorescence as a function of 




This phenomenon could be explained by the difference in their binding rates 
of both protein pairs. In microfluidic channels, the adsorption of protein 
solution can be described as the first order reaction as follows (Jiang et al., 
2005): 





s −−=                8.1 
where kon and koff are the association and dissociation rate constants, 
respectively. cs is the surface antibody concentration, cs,sat is the saturated 
surface antibody concentration, and c is the solution concentration of the 
antibody. The surface antibody concentration can then be obtained as follows: 













,                    8.2 
Because association constant is much larger than the dissociation constant, a 
characteristic binding time (τ) for both antigen-antibody pairs can be defined 
to describe the protein adsorption on surfaces as follows: 
                      
offon kck +
= 1τ                           8.3 
By using kon and koff from literatures and assuming concentrations for both 
antibodies in the solution are 0.01 mg/mL, we obtained the characteristic 
binding time for both pairs as shown in Table 8.1. Since the value for 
biotin/anti-biotin pair is smaller than that of IgG/anti-IgG pair, it is expected 
that anti-biotin can bind to the bi-BSA decorated surface faster than anti-IgG 
binds to the IgG-decorated surface. This, in conjunction with the fact that time 
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translates as length in the microfluidic channels, explains why the 
fluorescence intensity of FITC-anti-biotin decreases faster than that of 
FITC-anti-IgG in the microfluidic channels.  
 
8.3.2 Developing Microfluidic Immunoassays by Using Liquid Crystals as 
Readout 
Although LCs supported on nanostructured gold surfaces decorated with 
antigens have been used as a mechanism for reporting protein binding events 
earlier, challenges in controlling nanostructures and orientations of LCs make 
it difficult to prepare quantitative microfluidic immunoassays (Clare and 
Abbott, 2005; Luk et al., 2004a; Luk et al., 2003; Skaife et al., 2001). To 
address this issue, in Chapter 7 we showed that LCs supported on 
DMOAP-coated glass slides can be used to build protein assays with 
extraordinary sensitivity and high reproducibility. When the protein 
concentration applied to the surface exceeded a critical value (accuracy ~ 
 Protein Pairs kon (M-1s-1) koff (s-1) τ (s, c =0.01 mg/mL) 
Biotin/anti-biotin a 5.0 × 106  1 × 10-8 2.99 
IgG/anti-IgG b 1.3 × 106 2 × 10-4 10.75 
 
Table 8.1 Characteristic Binding Time (τ) of Antigen-Antibody Pairs 
a The constant of association and dissociation for biotin and anti-biotin pair is 
referred to the reported value in the literature (Eberbeck et al., 2008). 
b The constant of association and dissociation for IgG and anti-IgG pair is 
referred to the reported value in the literature (Ivnitski et al., 1998). 
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0.001 mg/mL), the optical texture of LCs changed from dark to bright 
immediately. To show that this mechanism can also be exploited to prepare 
quantitative microfluidic immunoassays, we first decorated the 
DMOAP-modified surface with 0.003 mg/mL of IgG. The concentration was 
just below the critical concentration as shown in Chapter 7; therefore, LCs 
supported on the IgG-laden surface appeared dark. Next, we pipetted 0.05 
mg/mL of anti-IgG and anti-biotin solutions (both without fluorescence 
labeling) into microfluidic channels supported on the IgG-coated surface. 
After incubation for 30 min, both surfaces were rinsed with PBS buffer. Our 
hypothesis is that after antibody binds to the surface, the surface protein 
concentration will exceed the critical level. Therefore, it will be able to trigger 
an orientation transition of LCs. Figure 8.3a shows the image of a thin layer 
(~6 μm) of LCs supported on the microfluidic channels after the binding event. 
Bright colors can be readily observed in the anti-IgG channel, but the 
anti-biotin channel remained dark. This result shows that LCs can be used to 
report the binding of anti-IgG to IgG as bright optical signals, providing that 
the binding event causes the surface protein concentration exceeding the 
critical value. For comparison, we also prepared a microfluidic immunoassay 
supported on a bi-BSA coated surface. After we pipetted both antibody 
solutions into the channels and covered the surface with LCs, bright LC 
textures were only observed in the anti-biotin channel shown in Figure 8.3b. 
This result clearly indicates that the principle of using LCs to report 
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immunobinding events is general enough such that it can also be used to 
image the binding of anti-biotin to bi-BSA.  
 
8.3.3 Quantitative Analysis 
We note that an important consideration for developing a useful immunoassay 
is its ability to quantify antibody concentrations. In traditional immunoassays, 






Figure 8.3 LC-based immunoassays developed in microfluidic channels 
which allow test results to be observed with the naked eye. a) IgG decorated 
surfaces and b) bi-BSA decorated surfaces. Images of LC were taken under a 
polarized microscope (crossed polars). c) Schematic illustration of label-free 
detection mechanism based on LCs. 
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intensity of fluorescence. To develop a new quantification mechanism in our 
label-free microfluidic immunoassay, we compared the interference color of 
LCs in Figure 8.3a and 8.3b. Both figures show that the interference colors of 
LCs generally follow the same order - from blue, pink, orange, yellow, white 
and then finally to gray along the channel. On the basis of Michal-Levy chart, 
changing of interference colors in this order can be attributed to a gradual 
decrease in the titling angle of LCs (Figure 8.3c), until a homeotropic 
orientation (perpendicular to the substrate) is reached. Moreover, since the 
fluorescence images in Figure 8.2a and 8.2b show that the concentration of 
antibody decreases continuously along the channel, we can establish a 
correlation between the interference color and the localized antibody 
concentration in the microfluidic channels. For example, yellow represents a 
higher antibody concentration than white or gray. Nevertheless, the 
interference color is also very sensitive to the thickness of LCs. As shown in 
Figure 8.3a, the interference color in the upper part of each channel is slightly 
red biased (or closer to the left part of the interference spectrum) compared to 
the lower part, especially in the middle session. This color bias is probably 
caused by a small difference in the cell thickness due to force imbalance 
caused by binder clips used to prepare the LC cell. This means that 
quantitative analysis based on interference color is not ideal unless the 
thickness of the LC layer can be precisely controlled. Another possible 
quantification mechanism is through the length of the bright LC region in the 
microfluidic channels. Because LC is highly sensitive to the critical 
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concentration as shown in Chapter 7, a clear cut-off at the end of the bright 
region can be found between the region I and II in Figure 8.3c. This 
phenomenon makes it easy for us to determine the total length of the bright 
LC region in each channel (in contrast, fluorescence images in Figure 8.2a and 
8.2b show long tails with no clear cut-off). Thus, we can determine the length 
of bright LC region in Figure 8.3a and 8.3b to be 35.3 mm and 24.5 mm, 
respectively. The shorter distance in the anti-biotin channel (~69 % of that for 
anti-IgG) is consistent with the actual distribution of antibody concentration in 
the microfluidic channel as quantified by using fluorescence techniques 
(Figure 8.2c). These results, when combined, suggest the potential utility of 
the lengths of bright regions in LC-based microfluidic immunoassays for 
quantitative analysis of antibody concentration. 
 
To further investigate the correlation between the length of the bright LC 
region and the concentration of antibodies, we pipetted different 
concentrations of anti-IgG solutions into microfluidic channels supported on 
surfaces decorated with IgG. LC optical texture in Figure 8.4a shows that the 
lengths of bright regions depend on the concentration of anti-IgG. When the 
anti-IgG concentration is below 0.02 mg/mL, the LC optical texture remained 
dark. Thus, 0.02 mg/mL is the detection limit for this LC-based immunoassay. 
When the anti-IgG concentration is above 0.02 mg/mL, the length of the 
bright LC region increases with the increasing of anti-IgG concentration as 
shown in Figure 8.4b. We can conclude from Figure 8.4b that the length of 
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bright LC region is proportional to the anti-IgG concentration. The 
least-square fitting line has a correlation coefficient of R = 0.987. This 
indicates that the antibody concentration can be determined simply by 



























Concentration of anti-IgG (mg/mL)
Figure 8.4 Correlations between the length of the bright LC regions and the 
concentration of anti-IgG (C). a) Optical image of LCs. From top, the 
concentration of anti-IgG is 0.02, 0.05 and 0.08 mg/mL, respectively; b) 




8.3.4 Multiplexed Immunoassays 
Finally, to demonstrate the feasibility of using the LC-based immunoassay for 
multiplex and high throughput diagnostic applications, we patterned the 
surface with both IgG and bi-BSA by using a microfluidic device shown in 
Figure 8.5a. Then, buffer solutions containing anti-IgG, anti-biotin or a 
mixture of anti-IgG and anti-biotin (1:1) were pipetted into microfluidic 






Figure 8.5 LC-based immunoassay developed in microfluidic channels for 
high throughput antibody detection. a) Schematic illustration of microfluidic 
immunoassay; b) optical image of LC shows the test result of the 
immunoassay. LC only appears bright in the line-line intersections where 
antigens and their respective antibody meet. In the case of mixtures which 




LC image of this immunoassay in Figure 8.5b shows that only line-line 
intersections where antibodies meet their specific target proteins light up, 
which suggests that the specific binding of both antigen/antibody pairs can be 
detected with LCs in a multiplexed manner. Moreover, since the mixture 
contains both anti-IgG and anti-biotin, line-line intersections between 
mixture/IgG and mixture/bi-BSA both appear bright as we originally 
anticipated. Finally, we notice that the interference color is yellow in the 
biotin/anti-biotin intersection whereas the interference color in the 
IgG/anti-IgG intersection is white. The difference in the interference color 
(yellow vs white) is consistent with our previous results showing that more 














A LC-based detecting method suitable for reporting test results in microfluidic 
immunoassays has been successfully demonstrated in this study. By using 
IgG/anti-IgG as a model system, we show that the immunoassay can detect 
label-free anti-IgG by using LCs with high specificity (with no response to 
anti-biotin) and high sensitivity. Moreover, the anti-IgG concentration could 
be determined quantitatively either through the interference color of LCs or 
through the length of bright LC region (with the naked eye under ambient 
conditions), thanks to the unique birefringent properties of LCs. On the basis 
of LC-based detection and microfluidic immunoassays, we also demonstrated 
a label-free, multiplexed and high throughput diagnostic platform which can 
be used to detect multiple samples of anti-IgG, anti-biotin and mixtures of 
both simultaneously. This new type of diagnostic platform provides a facile 
means of reporting assay results and may find useful applications in fast 





































The theme of this thesis is to address fundamental issues encountered in the 
fabrication of protein microarrays and label-free detection in microfluidic 
immunoassays, and develop better immunoassays with high stability, high 
sensitivity, fast response and low sample consumption. We anticipate that this 
type of immunoassay will greatly facilitate the applications of immunoassays 
in fields such as medical diagnosis and drug discovery.   
 
First, a simple surface modification method was developed to obtain reactive 
surfaces for covalent immobilization of antibodies with high chemical 
stability. The surface modification was accomplished by using oxygen plasma 
to oxidize inert self-assembled monolayers (SAMs) of 
octadecyltrichlorosilane (OTS) and led to generate reactive aldehyde groups, 
which can serve as linker groups for immobilization of human 
immunoglobulin (IgG) through the formation of Schiff bases. This strategy 
provides a simple and effective way for preparing highly stable solid substrate 
for making protein microarrays.  
 
Furthermore, various methods of arranging proteins at different locations 
within a small surface area to form protein microarrays were exploited. First, 
spontaneous formation of protein microarray on surfaces with chemical 
micropatterns was demonstrated. Two new methods were developed to create 
a chemically micropatterned surface. The first one is to incorporate 
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biomaterials, phospholipid, as a soft resist layer in microfabrication processes. 
Through microcontact lift-up process, the supported phospholipid monolayer 
can be manipulated with good spatial resolution. Combined with the oxygen 
plasma technique described above, the micropatterned phospholipid can 
function as “soft” resist layers to protect underlying SAMs and create either 
positive or negative chemically micropatterned surfaces, which can be used to 
selectively immobilize proteins on substrates for protein microarray 
applications. The second one is a one-step UV lithography which allows the 
patterning of hydrocarbon monolayers with reactive functional groups under 
ambient conditions. By exposing hydrocarbon-terminated surfaces to UV (254 
nm) through a photomask (a TEM grid), a chemically micropatterned surface 
can be generated for the spontaneous formation of protein micropatterns. In 
the following, to avoid the preparation of chemically micropatterned surface, 
an unconventional microcontact printing method by using a flat 
poly(dimethylsiloxane) (PDMS) stamp was developed for preparing protein 
microarrays. The flat PDMS, after exposed to UV through a photomask (a 
TEM grid), can selectively transfer proteins from the stamp to the solid 
substrate to generate protein micropatterns (same as the TEM grid). This 
method provides a direct and simple way for preparing protein microarrays. 
 
Finally, a label-free detection method by using liquid crystals was 
successfully developed. The LC optical cell with two homeotropic boundary 
conditions can give reproducible and robust dark-to-bright response to protein 
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adsorbed on the surface when the protein density exceeds a critical value. This 
unique optical property of LCs can be used as a new “all-or-nothing” type of 
protein assay, which is very useful for screening purposes, especially when a 
simple positive or negative answer is desired. Furthermore, it has been 
demonstrated that the label-free LC detection is applicable to miniaturized 
microfluidic immunoassays. LCs can report the specific protein binding event 
and give quantitative information about the antibody concentrations through 
interference colors of LC or the length of bright LC region in the 
microchannels. The importance of this study is that it provides a viable way of 
transforming results of microfluidic immunoassays into optical signals visible 
to the naked eye without using additional instrumentation, making the 
label-free microfluidic diagnosis platform suitable for point-of-care 
application a reality. 
 
9.2 Recommendations for Future Work 
The work in this thesis has demonstrated simple and effective methods to 
prepare protein microarrays and label-free microfluidic immunoassays by 
using LCs. Our experimental results set an important first step for the 
development of a low-cost and point-of-care diagnostic device for public 
health in the future. More investigation and further development can be made 




In the future, more complex immunostaining tests can be performed by using 
the established system as described in Chapter 6 and Chapter 8. For example, 
the antibodies can be first immobilized on surface, which are then used to 
detect the antigen in the analytes. After the binding of antigens to the surface 
immobilized antibodies, a secondary antibody can be further indentified. 
Furthermore, target proteins in serum can be examined by using the 
established system for steping forward to clinical applications. These test 
results can also be compared with other widely used immunoassays detection 
in terms of sensitivity, specificity and detection limit.   
 
For the fabrication of high-throughput protein microarrays, the 
micropatterning methods described in chapter 4 and chapter 6 can be further 
studied and developed to fabricate micropatterns with many different proteins. 
Especially, since the method of μCP by the UV-defined flat PDMS described 
in chapter 6 shows many advantages for fabricating protein microarrays, more 
studies are needed to shed lights on the actual mechanism of μCP. This 
knowledge is needed to control the μCP process more precisely and to 
optimize the experimental conditions for this process. Studies which can be 
performed include characterizing surface properties of UV treated flat PDMS 
stamps by XPS, SEM, and FTIR, and determining what happens on the 
surface of PDMS stamps after the UV treatment for different periods of time. 
These investigations can allow us to obtain optimal printing conditions for 
protein transferring and to create various configurations of micropatterns. In 
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the following, the quantitative study for microcontact printing of protein will 
be performed to show the transferring efficiency under different printing 
modes such as single printing, multiple printings and continuous printings. 
The project can be conducted by studying the fluorescence intensity 
quantitatively on the stamp before and after printing or studying surface 
protein concentration on the stamp and on the substrate. Also, the 
conformation of printed protein will be studied through the protein function 
property by immunoassay test, and its structure property by AFM and 
ATR-FTIR. Furthermore, multiple proteins which are related to one kind of 
disease such as kidney disease or H1N1 influenza can be printed on solid 
surfaces as protein microarrays, which can be very useful for high-throughput 
screening of these diseases. In addition, we can also use the principles 
demonstrated in Chapter 7 and Chapter 8, and the protein microarrays 
mentioned above to develop LC based bioassays for biomarkers relevant to 
these diseases. Doctors will be able to rely on the unique “all-or-nothing” type 
of LC response and the interference colors of LC to diagnose whether a 
person has kidney diseases or infected by H1N1 influenza. This technology 
will greatly improve our current medical diagnosis processes.  
 
For microfluidic immunoassays, since LCs have shown great potential for the 
development of label-free and miniaturized immunoassays, investigations 
about LC-based microfluidic immunoassays can be further explored for 
developing low-cost and point-of-care diagnostic devices. However, to obtain 
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quantitative results, the relationship between protein concentration and the LC 
interference colors/the length of bright LC regions reported in Chapter 7 and 
Chapter 8 should be studied further at a wider range of protein concentration. 
There are also two additional experiments can be conducted. The first one is 
to design a more integrated microfluidic system than our current microfluidic 
channels described in Chapter 8. This microfluidic device can incorporate all 
the steps of immunoassays such as mixing, reaction, separation and detection 
in a small chip. This integration can lead to a one-stop immunoassay. The 
second direction is to explore the optical response of LCs in various 
conditions for the development of more convenient detection principles. For 
example, one can introduce LCs into the microfluidic channels together with 
the sample solution and observe how the optical textures of LCs change with 
time. This research may provide a real-time detection principle which allows 
us to observe protein binding events just like watch a LCD TV. This strategy 




Andrea, S.C.D. and Fadeev, A.Y., 2006. Wettability Changes Induced by 
Biochemical Surface Reactions. Langmuir, 22: 3962-3963. 
Arrington, D., Curry, M. and Street, S.C., 2002. Patterned Thin Films of 
Polyamidoamine Dendrimers Formed Using Microcontact Printing. Langmuir, 
18: 7788-7791. 
Baasov, T., Friedman, N. and Sheves, M., 1987. Factors affecting the C=N 
Stretching in Protonated Retinal Schiff Base: A Model Study for 
Bacteriorhodopsin and Visual Pigments. Biochemistry, 26: 3210-3217. 
Backmann, N., Zahnd, C., Huber, F., Bietsch, A., Pluckthun, A., Lang, H.P., 
Guntherodt, H.J., Hegner, M. and Gerber, C., 2005. A Label-Free 
Immunosensor Array Using Single-Chain Antibody Fragments. Proc. Natl. 
Acad. Sci. U. S. A., 102: 14587-14592. 
Balazs, D.J., Triandafillu, K., Chevolot, Y., Aronsson, B.-O., Harms, H., 
Descouts, P. and Mathieu, H.J., 2003. Surface Modification of PVC 
Endotracheal Tubes by Oxygen Glow Discharge to Reduce Bacterial 
Adhesion. Surf. Interf. Anal., 35: 301-309. 
Bautista, J. and Mateos-Nevado, M.D., 1998. Immunological Detection and 
Quantification of Oxidized Proteins by Labelling with Digoxigenin. Biosci., 
Biotechnol., Biochem., 62: 419-423. 
Becher, F., Pruvost, A., Clement, G., Tabet, J.C. and Ezan, E., 2006. 
Quantification of Small Therapeutic Proteins in Plasma by Liquid 
Chromatography-Tandem Mass Spectrometry: Application to an Elastase 
Inhibitor EPI-hNE4. Anal. Chem., 78: 2306-2313. 
Befahy, S., Yunus, S., Burguet, V., Heine, J.-S., Troosters, M. and Bertrand, 
P., 2008. Stretchable Gold Tracks on Flat Polydimethylsiloxane (PDMS) 
Rubber Substrate. J. Adhes., 84: 231-239. 
Bernard, A., Renault, J.P., Michel, B., Bosshard, H.R. and Delamarche, E., 
2000. Microcontact Printing of Proteins. Adv. Mater., 12: 1067-1070. 
Bernard, A., Michel, B. and Delamarche, E., 2001. Micromosaic 
Immunoassays. Anal. Chem., 73: 8-12. 
Bessueille, F., Pla-Roca, M., Mills, C.A., Martinez, E., Samitier, J. and 
Errachid, A., 2005. Submerged Micro-Contact Printing (uCP): An 
Unconventional Printing Technique of Thiols Using High Aspect Ratio 
Elastomeric Stamps. Langmuir, 21: 12060-12063. 
References 
 164 
Bhattacharyya, A. and Klapperich, C.M., 2007. Design and Testing of a 
Disposable Microfluidic Chemiluminescent Immunoassay for Disease 
Biomarkers in Human Serum Samples. Biomed. Microdevices, 9: 245-251. 
Biebuyck, H.A., Larsen, N.B., Delamarche, E. and Michel, B., 1997. 
Lithography beyond Light: Microcontact Printing with Monolayer Resists. 
IBM J. Res. Dev., 41: 159-170. 
Bietsch, A. and Michel, B., 2000. Conformal Contact and Pattern Stability of 
Stamps Used for Soft Lithography. J. Appl. Phys., 88: 4310-4318. 
Blanco, R.M., Calvete, J.J. and Guisan, J., 1989. Immobilization-Stabilization 
of Enzymes: Variables that Control the Intensity of the Trypsin 
(amine)-Agarose (Aldehyde) Multipoint Attachment. Enzyme Microb. 
Technol., 11: 353-359. 
Blawas, A.S. and Reichert, W.M., 1998. Protein Patterning. Biomaterials, 19: 
595-609. 
Brake, J.M. and Abbott, N.L., 2002. An Experimental System for Imaging the 
Reversible Adsorption of Amphiphiles at Aqueous-Liquid Crystal Interfaces. 
Langmuir, 18: 6101-6109. 
Brake, J.M., Daschner, M.K., Luk, Y.Y. and Abbott, N.L., 2003. 
Biomolecular Interactions at Phospholipid-Decorated Surfaces of Liquid 
Crystals. Science, 302: 2094-2097. 
Brake, J.M., Daschner, M.K. and Abbott, N.L., 2005. Formation and 
Characterization of Phospholipid Monolayers Spontaneously Assembled at 
Interfaces between Aqueous Phases and Thermotropic Liquid Crystals. 
Langmuir, 21: 2218-2228. 
Brake, J.M. and Abbott, N.L., 2007. Coupling of the Orientations of 
Thermotropic Liquid Crystals to Protein Binding Events at Lipid-Decorated 
Interfaces. Langmuir, 23: 8497-8507. 
Bratton, D., Yang, D., Dai, J. and Ober, C.K., 2006. Recent Progress in High 
Resolution Lithography. Polym. Adv. Technol., 17: 94-103. 
Caelen, I., Bernard, A., Juncker, D., Michel, B., Heinzelmann, H. and 
Delamarche, E., 2000. Formation of Gradients of Proteins on Surfaces with 
Microfluidic Networks. Langmuir, 16: 9125-9130. 
Calvert, J.M., Chen, M.S., Dulcey, C.S., Georger, J.H., Peckerar, M.C., 
Schnur, J.M. and Schoen, P.E., 1991. Deep Ultraviolet Patterning of 




Cannon, B., Weaver, N., Pu, Q., Thiagarajan, V., Liu, S., Huang, J., Vaughn, 
M. and Cheng, K.H., 2005. Cholesterol Modulated Antibody Binding in 
Supported Lipid Membranes as Determined by Total Internal Reflectance 
Microscopy on a Microfabricated High-Throughput Glass Chip. Langmuir, 
21: 9666-9674. 
Cao, Y., Jin, R. and Mirkin, C.A., 2002. Nanoparticles with Raman 
Spectroscopic Fingerprints for DNA and RNA Detection. Science, 297: 
1536-1540. 
Carbone, G. and Rosenblatt, C., 2005. Polar Anchoring Strength of a Tilted 
Nematic: Confirmation of the Dual Easy Axis Model. Phys. Rev. Lett., 94: 
057802/1-057802/1. 
Cesaro-Tadic, S., Dernick, G., Junker, D., Buurman, G., Kropshofer, H., 
Michel, B., Fattinger, C. and Delamarche, E., 2004. High-Sensitivity 
Miniaturized Immunoassays for Tumor Necrosis Factor A Using 
Microfluidics Systems. Lab. Chip., 4: 563-569. 
Chan, C.-M., Ko, T.-M. and Hiraoka, H., 1996. Polymer Surface Modification 
by Plasma and Photons. Surf. Sci. Rep., 24: 1-54. 
Chen, Z., Pei, D., Jiang, L., Song, Y., Wang, J., Wang, H., Zhou, D., Zhai, J., 
Du, Z., Li, B., Qiu, M., Han, Y., Guo, Z. and Yang, R., 2004. Antigenicity 
Analysis of Different Regions of the Severe Acute Respiratory Syndrome 
Coronavirus Nucleocapsid Protein. Clin. Chem., 50: 988-995. 
Cheng, S.B., Skinner, C.D., Taylor, J., Attiya, S. and Lee, W.E., 2001. 
Development of a Multichannel Microfluidic Analysis System Employing 
Affinity Capillary Electrophoresis for Immunoassay. Anal. Chem., 73: 
1472-1479. 
Choi, D.-S., Yun, S.-H., An, Y.-C., Lee, M.-J., Kang, D.-G., Chang, S.-I., 
Kim, H.-K., Kim, K.-M. and Lim, J.-H., 2007. Nanopatterning Proteins with a 
Stamp Tip for Dip-Pen Nanolithography. Biochip J., 1: 200-203. 
Clare, B.H. and Abbott, N.L., 2005. Orientations of Nematic Liquid Crystals 
on Surfaces Presenting Controlled Densities of Peptides: Amplification of 
Protein-Peptide Binding Events. Langmuir, 21: 6451-6461. 
Clare, B.H., Guzman, O., de Pablo, J. and Abbott, N.L., 2006. Anchoring 
Energies of Liquid Crystals Measured on Surfaces Presenting Oligopeptides. 
Langmuir, 22: 7776-7782. 
Cognard, J., 1982. Alignment of Nematic Liquid Crystals and their Mixtures. 
Mol. Cryst. Liq. Cryst., Suppl. Ser. 1: 1-74. 
References 
 166 
Crego-Calama, M. and Reinhoudt, D.N., 2001. New Materials for Metal Ion 
Sensing by Self-Assembled Monolayers on Glass. Adv. Mater., 13: 
1171-1174. 
Csucs, G., Michel, R., Lussi, J.W., Textor, M. and Danuser, G., 2003. 
Microcontact Printing of Novel Co-Polymers in Combination with Proteins 
for Cell-Biological Applications. Biomaterials, 24: 1713-1720. 
Davidsson, R., Johansson, B., Passoth, V., Bengtsson, M., Laurell, T. and 
Emneus, J., 2004. Microfluidic Biosensing Systems - Part II. Monitoring the 
Dynamic Production of Glucose and Ethanol from Microchip Immobilised 
Yeast Cells Using Enzymatic Chemiluminescent Mu-Biosensors. Lab Chip, 4: 
488-494. 
Delamarche, E., Schmid, H., Michel, B. and Biebuyck, H., 1997. Stability of 
Molded Microstructures in Polydimethylsiloxane. Adv. Mater., 9: 741-746. 
Delamarche, E., Donzel, C., Kamounah, F.S., Wolf, H., Geissler, M., Stutz, 
R., Schmidt-Winkel, P., Michel, B., Mathieu, H.J. and Schaumburg, K., 
2003a. Microcontact Printing Using Poly(dimethylsiloxane) Stamps 
Hydrophilized by Poly(ethylene oxide) Silanes. Langmuir, 19: 8749-8758. 
Delamarche, E., Vichiconti, J., Hall, S.A., Geissler, M., Graham, W., Michel, 
B. and Nunes, R., 2003b. Electroless Deposition of Cu on Glass and 
Patterning with Microcontact Printing. Langmuir, 19: 6567-6569. 
Delamarche, E., Juncker, D. and Schmid, H., 2005. Microfluidics for 
Processing Surfaces and Miniaturizing Biological Assays. Adv. Mater., 17: 
2911-2933. 
Dietrich, H.R.C., Knoll, J., Doel, L.R.v.d., Dedem, G.W.K.v., 
Daran-Lapujade, P.A.S., Vliet, L.J.v., Moerman, R., Pronk, J.T. and Young, 
I.T., 2004. Nanoarrays: A Method for Performing Enzymatic Assays. Anal. 
Chem., 76: 4112-4117. 
Duan, X., Sadhu, V.B., Perl, A., Peter, M., Reinhoudt, D.N. and Huskens, J., 
2008. Bifunctional, Chemically Patterned Flat Stamps for Microcontact 
Printing of Polar Inks. Langmuir, 24: 3621-3627. 
Dulcey, C.S., Georger, J.H., Krauthamer, J.V., Stenger, D.A., Fare, T.L. and 
Calvert, J.M., 1991. Deep UV Photochemistry of Chemisorbed Monolayers: 
Patterned Coplanar Molecular Assemblies. Science, 252: 551-554. 
Eberbeck, D., Bergemann, C., Wiekhorst, F., Steinhoff, U. and Trahms, L., 
2008. Quantification of Specific Bindings of Biomolecules by 
Magnetorelaxometry. J Nanobiotechnology., 6: 4/1-4/12. 
References 
 167 
Eddington, D.T., Puccinelli, J.P. and Beebe, D.J., 2006. Thermal Aging and 
Reduced Hydrophobic Recovery of Polydimethylsiloxane. Sens. Actuators, B, 
114: 170-172. 
Elms, F.M. and George, G.A., 1998. Plasma Reactions of Self-Assembled 
Monolayers to Model Oxygen Atom Effects on Polymers. Polym. Adv. 
Technol., 9: 31-37. 
Emili, A.Q. and Cagney, G., 2000. Large-Scale Functional Analysis Using 
Peptide or Protein Arrays. Nat. Biotechnol., 18: 393-397. 
Englebienne, P., Hoonacker, A.V. and Valsamis, J., 2000. Rapid 
Homogeneous Immunoassay for Human Ferritin in the Cobas Mira Using 
Colloidal Gold as the Reporter Reagent. Clin. Chem., 46: 2000-2003. 
Erickson, D. and Li, D.Q., 2004. Integrated Microfluidic Devices. Anal. 
Chim. Acta, 507: 11-26. 
Evans, C., Wade, N., Pepi, F., Strossman, G., Schuerlein, T. and Cooks, R.G., 
2002. Modification and Patterning Using Low Energy Ion Beams: Si-O Bond 
Formation at the Vacuum/Adsorbate Interface. Anal. Chem., 74: 317-323. 
Falconnet, D., Csucs, G., Grandin, H.M. and Textor, M., 2006. Surface 
Engineering Approaches to Micropattern Surfaces for Cell-Based Assays. 
Biomaterials, 27: 3044-3063. 
France, R.M. and Short, R.D., 1998. Plasma Treatment of Polymers: The 
Effects of Energy Transfer from an Argon Plasma on the Surface Chemistry 
of Polystyrene, and Polypropylene. A High-Energy Resolution X-ray 
Photoelectron Spectroscopy Study. Langmuir, 14: 4827-4835. 
Gadegaard, N., Chen, X., Rutten, F.J.M. and Alexander, M.R., 2008. 
High-Energy Electron Beam Lithography of Octadecylphosphonic Acid 
Monolayers on Aluminum. Langmuir, 24: 2057-2063. 
Geissler, M., Bernard, A., Bietsch, A., Schmid, H., Michel, B. and 
Delamarche, E., 2000. Microcontact-Printing Chemical Patterns with Flat 
Stamps. J. Am. Chem. Soc., 122: 6303-6304. 
Geissler, M., Kind, H., Schmidt-Winkel, P., Michel, B. and Delamarche, E., 
2003. Direct Patterning of NiB on Glass Substrates Using Microcontact 
Printing and Electroless Deposition. Langmuir, 19: 6283-6296. 
Giovanni, C. and Charles, R., 2005. Polar Anchoring Strength of a Tilted 




Girard-Egrot, A.P., Chauvet, J.-P., Boullanger, P. and Coulet, P.R., 2002. 
IgG1-Glycolipidec LB Films Obtained by Vertical Deposition of an 
Interfacial Film Formed through Proteo-Liposome Spreading at the Air/Water 
Interface. Colloids Surf. B, 23: 319-325. 
Govindaraju, T., Bertics, P.J., Raines, R.T. and Abbott, N.L., 2007. Using 
Measurements of Anchoring Energies of Liquid Crystals on Surfaces to 
Quantify Proteins Captured by Immobilized Ligands. J. Am. Chem. Soc., 129: 
11223-11231. 
Granlund, T., Nyberg, T., Roman, L.S., Svensson, M. and Inganas, O., 2000. 
Patterning of Polymer Light-Emitting Diodes with Soft Lithography. Adv. 
Mater., 12: 269-273. 
Grit, F., Andrea, S., Andrea, C., Robert, M. and Wolfgang, F., 2007. Single 
Particle Studies of the Autocatalytic Metal Deposition onto Surface-Bound 
Gold Nanoparticles Reveal a Linear Growth. Nanotechnology, 18: 
015502/1-015502/10. 
Grythe, K.F. and Hansen, F.K., 2006. Surface Modification of EPDM Rubber 
by Plasma Treatment. Langmuir, 22: 6109-6124. 
Guibal, E., Ruiz, M., Vincent, T., Sastre, A. and Navarro-Mendoza, R., 2001. 
Platinum and Palladium Sorption on Chitosan Derivatives. Sep. Sci. Technol., 
36: 1017-1040. 
Gupta, J.K. and Abbott, N.L., 2009. Principles for Manipulation of the Lateral 
Organization of Aqueous-Soluble Surface-Active Molecules at the Liquid 
Crystal-Aqueous Interface. Langmuir, 25: 2026-2033. 
Gupta, V.K., Skaife, J.J., Dubrovsky, T.B. and Abbott, N.L., 1998. Optical 
Amplification of Ligand-Receptor Binding Using Liquid Crystals. Science, 
279: 2077-2080. 
Hadjiiski, A., Dimova, R., Denkov, N.D., Ivanov, I.B. and Borwankar, R., 
1996. Film Trapping Technique: Precise Method for Three-Phase Contact 
Angle Determination of Solid and Fluid Particles of Micrometer Size. 
Langmuir, 12: 6665-6675. 
Hall, D.A., Ptacek, J. and Snyder, M., 2007. Protein Microarray Technology. 
Mech. Ageing Dev., 128: 161-167. 
Hartl, A., Schmich, E., Garrido, J.A., Hernando, J., Catharino, S.C.R., Walter, 
S., Feulner, P., Kromka, A., Steinmuller, D. and Stutzmann, M., 2004. 
Protein-Modified Nanocrystalline Diamond Thin Films for Biosensor 
Applications. Nat. Mater., 3: 736-742. 
References 
 169 
Hasirci, V., Tezcaner, A., Hasirci, N. and Suzer, S., 2003. Oxygen Plasma 
Modification of Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) Film Surfaces 
for Tissue Engineering Purposes. J. Appl. Polym. Sci., 87: 1285-1289. 
Herr, A.E., Hatch, A.V., Throckmorton, D.J., Tran, H.M., Brennan, J.S., 
Giannobile, W.V. and Singh, A.K., 2007. Microfluidic Immunoassays as 
Rapid Saliva-Based Clinical Diagnostics. Proc. Natl. Acad. Sci. USA, 104: 
5268-5273. 
Herrmann, M., Roy, E., Veres, T. and Tabrizian, M., 2007. Microfluidic 
ELISA on Non-Passivated PDMS Chip Using Magnetic Bead Transfer inside 
Dual Networks of Channels. Lab Chip, 7: 1546-1552. 
Herrmann, M., 2008. Development of a Microfluidic Immunoassay Platform 
for the Rapid Quantification of Low-picomolar Concentrations of Protein 
Biomarkers. PhD thesis, McGill University. 
Hidber, P.C., Nealey, P.F., Helbig, W. and Whitesides, G.M., 1996. A New 
Strategy for Controlling the Size and Shape of Metallic Features Formed by 
Electroless Deposition of Copper: Microcontact Printing of Catalysts on 
Oriented Polymers, Followed by Thermal Shrinkage. Langmuir, 12: 
5209-5215. 
Higashi, G.S., Becker, R.S., Chabal, Y.J. and Becker, A.J., 1991. Comparison 
of Si(l11) Surfaces Prepared Using Aqueous Solutions of NH4 versus HF. 
Appl. Phys. Lett., 58: 1656-1658. 
Hillborg, H., Ankner, J.F., Gedde, U.W., Smith, G.D., Yasuda, H.K. and 
Wikstrom, K., 2000. Crosslinked Polydimethylsiloxane Exposed to Oxygen 
Plasma Studied by Neutron Reflectometry and Other Surface Specific 
Techniques. Polymer, 41: 6851-6863. 
Holden, M.A., Jung, S.-Y., Yang, T., Castellana, E.T. and Cremer, P.S., 2004. 
Creating Fluid and Air-Stable Solid Supported Lipid Bilayers. J. Am. Chem. 
Soc., 126: 6512-6513. 
Hollahan, J.R., 1974. Techniques and Applications of Plasma Chemistry. John 
Wiley & Sons, New York. 
Hovis, J.S. and Boxer, S.G., 2000. Patterning Barriers to Lateral Diffusion in 
Supported Lipid Bilayer Membranes by Blotting and Stamping. Langmuir, 16: 
894-897. 
Hovis, J.S. and Boxer, S.G., 2001. Patterning and Composition Arrays of 
Supported Lipid Bilayers by Microcontact Printing. Langmuir, 17: 3400-3405. 
References 
 170 
Hozumi, A., Kojima, S., Nagano, S., Seki, T., Shirahata, N. and Kameyama, 
T., 2007. Surface Design for Precise Control of Spatial Growth of a 
Mesostructured Inorganic/Organic Film on a Large-Scale Area. Langmuir, 23: 
3265-3272. 
Huang, C.-J., Lu, C.-C., Lin, T.-Y., Chou, T.-C. and Lee, G.-B., 2007. An 
Electrochemical Albumin-Sensing System Utilizing Microfluidic Technology. 
J. Micromech. Microengineering, 17: 835-842. 
Hui, C., Jaota, A., Lin, Y. and Kramer, E., 2002. Constraints on 
Micro-Contact Printing Imposed by Stamp Deformation. Langmuir, 18: 
1394-1407. 
Inagaki, N., 1996. Plasma Surface Modification and Plasma Polymerization. 
Technomic publishing company, Inc., Lancaster. 
Inerowicz, H.D., Howell, S., Regnier, F.E. and Reifenberger, R., 2002. 
Multiprotein Immunoassay Arrays Fabricated by Microcontact Printing. 
Langmuir, 18: 5263-5268. 
Ito, T., Tashiro, K., Muta, S., Ozawa, R., Chiba, T., Nishizawa, M., 
Yamanoto, K., Kuhara, S. and Sakaki, Y., 2000. Toward a Protein-Protein 
Interaction Map of the Budding Yeast: A Comprehensive System to Examine 
Two-Hybrid Interactions in All Possible Combinations between the Yeast 
Protein. Proc. Natl. Acad. Sci. USA, 97: 1143-1147. 
Ivnitski, D., Wolf, T., Solomon, B., Fleminger, G. and Rishpon, J., 1998. An 
Amperometric Biosensor for Real-Time Analysis of Molecular Recognition. 
Bioeletrochem. Bioenerg., 45: 27-32. 
Jacobsen, N.W. and Dickinson, R.G., 1974. Spectrometric Assay of 
Aldehydes as 6-Mercapto-3-Substituted-S-Triazolo(4,3-b)-S-Tetrazines. 
Anal.Chem., 46: 298-299. 
Jain, S.C., Dixit, V., Tanwar, V.K. and Shivaprasad, S.M., 2002. Orientation 
of Ferroelectric Liquid Crystals by Self-Assembled Bilayer Molecular 
Assembly. Mater. Res. Soc. Symp. Proc., 709: 3-8. 
Jiang, X., Ng, J.M.K., Stroock, A., Dertinger, S.K.W. and Whitesides, G.M., 
2003. A Miniaturized, Parallel, Serially Diluted Immunoassay for Analyzing 
Multiple Antigens. J. Am. Chem. Soc., 125: 5294-5295. 
Jiang, X., Xu, Q., Dertinger, S.K.W., Stroock, A.D., Fu, T.-M. and 
Whitesides, G.M., 2005. A General Method for Patterning Gradients of 




Jung, S.-Y., Holden, M.A., Cremer, P.S. and Collier, C.P., 2005. 
Two-Component Membrane Lithography via Lipid Backfilling. 
ChemPhysChem, 6: 423-426. 
Kakiuchi, T., Iida, M., Imabayashi, S. and Niki, K., 2000. 
Double-Layer-Capacitance Titration of Self-Assembled Monolayers of 
Omega-Functionalized Alkanethiols on Au(111) Surface. Langmuir, 16: 
5397-5401. 
Kane, T.E., Angelico, V.J. and Wysocki, V.H., 1994. Use of Condensation 
Figures to Image Low-Energy (eV) Ion Beam Damage of Monolayer Films. 
Anal. Chem., 66: 3733-3736. 
Kaw, C.H., Hefle, S.L. and Taylor, S.L., 2008. Sandwich Enzyme-Linked 
Immunosorbent Assay (ELISA) for the Detection of Lupine Residues in 
Foods. J. Food Sci., 73: T135-T140. 
Kersten, B., Wanker, E.E., Hoheisel, J.D. and Angenendt, P., 2005. Multiplex 
Approaches in Protein Microarray Technology. Expert Rev. Proteomics, 2: 
499-510. 
Kim, J.D., Ahn, D.-G., Oh, J.-W., Park, W. and Jung, H., 2008a. Ribosome 
Display and Dip-Pen Nanolithography for the Fabrication of Protein 
Nanoarrays. Adv. Mater., 20: 3349-3353. 
Kim, K.H., Kim, J.D., Kim, Y.J., Kong, S.H., Jung, S.Y. and Jung, H., 2008b. 
Protein Immobilization without Purification via Dip-Pen Nanolithography. 
Small, 4: 1089-1094. 
Kim, P., Lee, S.E., Jung, H.S., Lee, H.Y., Kawaib, T. and Suh, K.Y., 2006. 
Soft Lithographic Patterning of Supported Lipid Bilayers onto a Surface and 
Inside Microfluidic Channels. Lab Chip, 6: 54-59. 
Kim, S.J., Gobi, K.V., Iwasaka, H., Tanaka, H. and Miura, N., 2007. Novel 
Miniature SPR Immunosensor Equipped with All-in-One Multi-Microchannel 
Sensor Chip for Detecting Low-Molecular-Weight Analytes. Biosens. 
Bioelectron., 23: 701-707. 
Kind, H., Geissler, M., Schmid, H., Michel, B., Kern, K. and Delamarche, E., 
2000. Patterned Electroless Deposition of Copper by Microcontact Printing 
Palladium(II) Complexes on Titanium-Covered Surfaces. Langmuir, 16: 
6367-6373. 
Kojima, K., Hiratsuka, A., Suzuki, H., Yano, K., Ikebukuro, K. and Karube, 
I., 2003. Electrochemical Protein Chip with Arrayed Immunosensors with 




Kumar, A. and Whitesides, G.M., 1993. Features of Gold Having Micrometer 
to Centimeter Dimensions Can Be Formed Through a Combination of 
Stamping with an Elastomeric Stamp and an Alkanethiol Ink Followed by 
Chemical Etching. Appl. Phys. Lett., 63: 2002-2004. 
Kumar, A., Biebuyck, H.A. and Whitesides, G.M., 1994. Patterning Self 
Assembled Monolayers: Applications in Materials Science. Langmuir, 10: 
1498-1511. 
Kurita, R., Yokota, Y., Sato, Y., Mizutani, F. and Niwa, O., 2006. On-Chip 
Enzyme Immunoassay of a Cardiac Marker Using a Microfluidic Device 
Combined with a Portable Surface Plasmon Resonance System. Anal. Chem., 
78: 5525-5531. 
La, Y.H., Jung, Y.J., Kim, H.J., Kang, T.-H., Ihm, K., Kim, K.-J., Kim, B. and 
Park, J.W., 2003. Sub 100 nm Pattern Formation through Selective Chemical 
Transformation of Self-Assembled Monolayers by Soft X-ray Irradiation. 
Langmuir, 19: 4390-4395. 
Lahiri, J., Kalal, P., Frutos, A.G., Jonas, S.J. and Schaeffler, R., 2000. Method 
for Fabricating Supported Bilayer Lipid Membranes on Gold. Langmuir, 16: 
7805-7810. 
Lee, J.K., Kim, Y.G., Chi, Y.S., Yun, W.S. and Choi, I.S., 2004a. Grafting 
Nitrilotriacetic Groups onto Carboxylic Acid-Terminated Self-Assembled 
Monolayers on Gold Surfaces for Immobilization of Histidine-Tagged 
Proteins. J. Phys. Chem. B, 108: 7665-7673. 
Lee, J.Y., Shah, S.S., Zimmer, C.C., Liu, G.-y. and Revzin, A., 2008. Use of 
Photolithography to Encode Cell Adhesive Domains into Protein Microarrays. 
Langmuir, 24: 2232-2239. 
Lee, K., Pan, F., Carroll, G.T., Turro, N.J. and Koberstein, J.T., 2004b. 
Photolighographic Technique for Direct Photochemical Modification and 
Chemical Micropatterning of Surfaces. Langmuir, 20: 1812-1818. 
Lee, K.-B., Park, S.-J., Mirkin, C.A., Smith, J.C. and Mrksich, M., 2002. 
Protein Nanoarrays Generated by Dip-Pen Nanolithography. Science, 295: 
1702-1705. 
Lee, W., Lim, S.-S., Choi, B.-K. and Choi, J.-W., 2006. Protein Array 
Fabricated by Microcontact Printing for Miniaturized Immunoassay. J. 
Microbiol. Biotechnol., 16: 1216-1221. 
Leis-Esnaola, O. and Lafnente-Sanchez, J.V., 2007. Protein Arrays: 
Applications and Implications in Neuroscience. Rev. Neurologia, 44: 285-290. 
References 
 173 
Li, H., Kang, D.-J., Blamire, M.G. and Huck, W.T.S., 2002. High-Resolution 
Contact Printing with Dendrimers. Nano Lett., 2: 347-349. 
Lin, J. and Ju, H., 2005. Electrochemical and Chemiluminescent 
Immunosensors for Tumor Markers. Biosens. Bioelectron., 20: 1461-1470. 
Lin, Z., Strother, T., Cai, W., Cao, X., Smith, L.M. and Hamers, R.J., 2002. 
DNA Attachment and Hybridization at the Silicon (100) Surface. Langmuir, 
18: 788-796. 
Liu, C.-Y., Rick, J., Chou, T.-C., Lee, H.-H. and Lee, G.-B., 2009. Integrated 
Microfluidic System for Electrochemical Sensing of Urinary Proteins. 
Biomed. Microdevices, 11: 201-211. 
Lonini, L., Accoto, D., Petroni, S. and Guglieltnelli, E., 2008. Dispensing an 
Enzyme-Conjugated Solution into an ELISA Plate by Adapting Ink-Jet 
Printers. J. Biochem. Biophys. Methods, 70: 1180-1184. 
Lowe, A.M., Bertics, P.J. and Abbott, N.L., 2008. Quantitative Methods 
Based on Twisted Nematic Liquid Crystals for Mapping Surfaces Patterned 
with Bio/chemical Functionality Relevant to Bioanalytical Assays. Anal. 
Chem., 80: 2637-2645. 
Luk, Y.Y., Tingey, M.L., Hall, D.J., Israel, B.A., Murphy, C.J., Bertics, P.J. 
and Abbott, N.L., 2003. Using Liquid Crystals to Amplify Protein-Receptor 
Interacctions: Design of Surfaces with Nanometer-Scale Topography that 
Present Histidine-Tagged Protein Receptors. Langmuir, 19: 1671-1680. 
Luk, Y.Y., Tingey, M.L., Dickson, K.A., Raines, R.T. and Abbott, N.L., 
2004a. Imaging the Binding Ability of Proteins Immobilized on Surfaces with 
Different Orientations by Using Liquid Crystals. J. Am. Chem. Soc., 126: 
9024-9032. 
Luk, Y.Y., Yang, K.-L., Cadwell, K. and Abbott, N.L., 2004b. Deciphering 
the Interactions between Liquid Crystals and Chemically Functionalized 
Surfaces: Role of Hydrogen Bonding on Orientations of Liquid Crystals. Surf. 
Sci., 570: 43-56. 
Luk, Y.Y., Jang, C.H., Cheng, L.L., Israel, B.A. and Abbott, N.L., 2005. 
Influence of Lyotropic Liquid Crystals on the Ability of Antibodies to Bind to 
Surface-Immobilized Antigens. Chem. Mater., 17: 4774-4782. 
Luo, Y.Q., Yu, F. and Zare, R.N., 2008. Microfluidic Device for 




MacBeath, G. and Schreiber, S.L., 2000. Printing Proteins as Microarrays for 
High-Throughput Function Determination. Science, 289: 1760-1763. 
Malmstadt, N., Hoffman, A.S. and Stayton, P.S., 2004. 'Smart' Mobile 
Affinity Matrix for Microfluidics Immunoassays. Lab. Chip., 4: 412-415. 
Manz, A. and Becker, H., 1998. Microsystem Technology in Chemistry and 
Life Science. Springer, New York. 
Meldrum, D.R. and Holl, M.R., 2002. Microscale Bioanalytical Systems. 
Science, 297: 1197-1198. 
Menard, E., Bilhaut, L., Zaumseil, J. and Rogers, J.A., 2004. Improved 
Surface Chemistries, Thin Film Deposition Techniques, and Stamp Designs 
for Nanotransfer Printing. Langmuir, 20: 6871-6878. 
Mendes, P., Jacke, S., Critchley, K., Plaza, J., Chen, Y., Nikitin, K., Palmer, 
R.E., Preece, J.A., Evans, S.D. and Fitzmaurice, D., 2004. Gold Nanoparticle 
Patterning of Silicon Wafers Using Chemical E-Beam Lithography. 
Langmuir, 20: 3766-3768. 
Meuse, C.W., Krueger, S., Majkrzak, C.F., Dura, J.A., Fu, J., Connor, J.T. and 
Plant, A.L., 1998a. Hybrid Bilayer Membranes in Air and Water: Infrared 
Spectroscopy and Neutron Reflectivity Studies. Biophys. J., 74: 1388-1398. 
Meuse, C.W., Niaura, G., Lewis, M.L. and Plant, A.L., 1998b. Assessing the 
Molecular Structure of Alkanethiol Monolayers in Hybrid Bilayer Membranes 
with Vibrational Spectroscopies. Langmuir, 14: 1604-1611. 
Mitchell, P., 2001. Microfluidics-Downsizing Large-Scale Biology. Nat. 
Biotech., 19: 717-718. 
Moffat, T.P. and Yang, H., 1995. Patterned Metal Electrodeposition Using an 
Alkanethiolate Mask. J. Electrochem. Soc., 142: L220-L222. 
Mohamadi, M.R., Kaji, N., Tokeshi, M. and Baba, Y., 2007. Online 
Preconcentration by Transient Isotachophoresis in Linear Polymer on a 
Poly(methyl methacrylate) Microchip for Separation of Human Serum 
Albumin Immunoassay Mixtures. Anal. Chem., 79: 3667-3672. 
Mooney, J.F., Hunt, A.J., MchIntosh, J.R., Liberko, C.A., Walba, D.M. and 
Rogers, C.T., 1996. Patterning of Functional Antibodies and Other Proteins by 
Photolithography of Silane Monolayers. Proc. Natl. Acad. Sci. USA, 93: 
12287-12291. 
Nadanaciva, S., Willis, J.H., Barker, M.L., Gharaibeh, D., Capaldi, R.A., 
Marusich, M.F. and Will, Y., 2009. Lateral-Flow Immunoassay for Detecting 
References 
 175 
Drug-Induced Inhibition of Mitochondrial DNA Replication and 
mtDNA-Encoded Protein Synthesis. J. Immunol. Methods, 343: 1-12. 
Nakanishi, J., Kikuchi, Y., Takarada, T., Nakayama, H., Yamaguchi, K. and 
Maeda, M., 2004. Photoactivation of a Substrate for Cell Adhesion under 
Standard Fluorescence Microscopes. J. Am. Chem. Soc., 126: 16314-16315. 
Nielsen, K., Lin, M., Gall, D. and Jolley, M., 2000. Fluorescence Polarization 
Immunoassay: Detection of Antibody to Brucella Abortus. Methods, 22: 
71-76. 
Niidome, T., Nakashima, K., Takahashi, H. and Niidome, Y., 2004. 
Preparation of Primary Amine-Modified Gold Nanoparticles and Their 
Transfection Ability into Cultivated Cells. Chem. Commun., 17: 1978-1979. 
Norrod, K.L. and Rowlen, K.L., 1998. Ozone-Induced Oxidation of 
Self-Assembled Decanethiol: Contributing Mechanism for "Photooxidation"? 
J. Am. Chem. Soc., 120: 2656-2657. 
Odom, T.W., Love, J.C., Wolfe, D.B., Paul, K.E. and Whitesides, G.M., 2002. 
Improved Pattern Transfer in Soft Lithography Using Composite Stamps. 
Langmuir, 18: 5314-5320. 
Okazaki, S., 1991. Resolution Limits of Optical Lithography. J. Vac. Sci. 
Technol. B, 9: 2829-2833. 
Olah, A., Hillborg, H. and Vancso, G.J., 2005. Hydrophobic Recovery of 
UV/Ozone Treated Poly(dimethylsiloxane): Adhesion Studies by Contact 
Mechanics and Mechanism of Surface Modification. Appl. Surf. Sci., 239: 
410-423. 
Paark, S.-J., Taton, T.A. and Mirkin, C.A., 2002. Array-Based Electrial 
Dection of DNA with Nanoparticle Probes. Science, 295: 1503-1506. 
Pandey, A. and Mann, M., 2000. Proteomics to Study Genes and Genomes. 
Nature, 405: 837-846. 
Park, J.-S., Jang, C.-H., Tingey, M.L., Lowe, A.M. and Abbott, N.L., 2006. 
Influence of 4-Cyano-4'-Biphenylcarboxylic Acid on the Orientational 
Ordering of Cyanobiphenyl Liquid Crystals at Chemically Functionalized 
Surfaces. J. Colloid Interface Sci., 304: 459-473. 
Pesika, N.S., Fan, F., Searson, P.C. and Stebe, K.J., 2005. Site-Selective 




Pike, A.R., Lie, L.H., Eagling, R.A., Ryder, L.C., Patole, S.N., Connolly, 
B.A., Horrocks, B.R. and Houlton, A., 2002. DNA On Silicon Devices: 
On-Chip Synthesis, Hybridization, and Charge Transfer. Angew. Chem. Int. 
Ed., 41: 615-617. 
Piner, R.D., Zhu, J., Xu, F., Hong, S. and Mirkin, C.A., 1999. "Dip-Pen" 
Nanolithography. Science, 283: 661-663. 
Plant, A.L., 1999. Supported Hybrid Bilayer Membranes as Rugged Cell 
Membrane Mimics. Langmuir, 15: 5128-5135. 
Price, A.D. and Schwartz, D.K., 2006. Anchoring of a Nematic Liquid Crystal 
on a Wettability Gradient. Langmuir, 22: 9753-9759. 
Price, C.P. and Newman, D.J., 1997. Principles and Practice of Immunoassay. 
Macmillan Reference Ltd., United Kingdom. 
Pulli, T., Hoyhtya, M., Soderlund, H. and Takkinen, K., 2005. One-Step 
Homogeneous Immunoassay for Small Analytes. Anal. Chem., 77: 
2637-2642. 
Rahn, C.H. and Schlenk, H., 1973. Detection of Aldehyde with 
4-amino-5-hydrazino-1,2,4-triazole-3-thiol as Spray Reagent. Lipids, 8: 
612-616. 
Reimhult, E., Hoeoek, F. and Kasemo, B., 2003. Intact Vesicle Adsorption 
and Supported Biomembrane Formation from Vesicles in Solution: Influence 
of Surface Chemistry, Vesicle Size, Temperature, and Osmotic Pressure. 
Langmuir, 19: 1681-1691. 
Roca-Cusachs, P., Rico, F., Martinez, E., Toset, J., Farre, R. and Navajas, D., 
2005. Stability of Microfabricated High Aspect Ration Structures in 
Poly(dimethylsiloxane). Langmuir, 21: 5542-5548. 
Ronkainen-Matsuno, N., Thomas, J., Halsall, A. and Heineman, W.R., 2002. 
Electrochemical Immunoassays Moving into the Fastlane. Trends Anal. 
Chem., 21: 213-219. 
Ryan, D., Parviz, B.A., Linder, V., Semetey, V., Sia, S.K., Su, J., Mrksich, M. 
and Whitesides, G.M., 2004. Patterning Multiple Aligned Self-Assembled 
Monolayers Using Light. Langmuir, 20: 9080-9088. 
Schmalzing, D., Buonocore, S. and Piggee, C., 2000. Capillary 
Electrophoresis-Based Immunoassays. Electrophoresis, 21: 3919-3930. 
Schmid, H. and Michel, B., 2000. Siloxane Polymers for High-Resolution, 
High-Accuracy Soft Lithography. Macromolecules, 33: 3042-3049. 
References 
 177 
Schulte, T.H., Bardell, R.L. and Weigl, B.H., 2002. Microfluidic 
Technologies in Clinical Diagnostics. Clin. Chim. Acta, 321: 1-10. 
Shah, R.R. and Abbott, N.L., 2001a. Coupling of the Orientations of Liquid 
Crystals to Electrical Double Layers Formed by the Dissociation of 
Surface-Immobilized Salts. J. Phys. Chem. B, 105: 4936-4950. 
Shah, R.R. and Abbott, N.L., 2001b. Principles for Measurement of Chemical 
Exposure Based on Recognition-Driven Anchoring Transitions in Liquid 
Crystals. Science, 293: 1296-1299. 
Sharp, K.G., Blackman, G.S., Glassmaker, N.J., Jagota, A. and Hui, C.-Y., 
2004. Effect of Stamp Deformation on the Quality of Microcontact Printing: 
Theory and Experiment. Langmuir, 20: 6430-6438. 
Sharpe, R.B.A., Burdinski, D., Huskens, J., Zandvliet, H.J.W., Reinhoudt, 
D.N. and Poelsema, B., 2005. Chemically Patterned Flat Stamps for 
Microcontact Printing. J. Am. Chem. Soc., 127: 10344-10349. 
Sharpe, R.B.A., Burdinski, D., Marel, C.V.D., Jansen, J.A.J., Huskens, J., 
Zandvliet, H.J.W., Reinhoudt, D.N. and Poelsema, B., 2006. Ink Dependence 
of Poly(dimethylsiloxane) Contamination in Microcontact Printing. Langmuir, 
22: 5945-5951. 
Sia, S.K. and Whitesides, G.M., 2003. Microfluidic Devices Fabriated in 
Poly(dimethylsiloxane) for Biological Studies. Electrophoresis, 24: 
3563-3576. 
Sieval, A.B., Demirel, A.L., Nissink, J.W.M., Linford, M.R., Maas, J.H.v.d., 
Jeu, W.H.d., Zuilhof, H. and Sudholter, E.J.R., 1998. Highly Stable Si-C 
Linked Functionalized Monolayers on the Silicon (100) Surface. Langmuir, 
14: 1759-1768. 
Singh, B.K. and Hillier, A.C., 2007. Multicolor Surface Plasmon Resonance 
Imaging of Ink Jet-Printed Protein Microarrays. Anal. Chem., 79: 5124-5132. 
Skaife, J.J. and Abbott, N.L., 2000. Quantitative Interpretation of the Optical 
Textures of Liquid Crystals Caused by Specific Binding of Immunoglobulins 
to Surface-Bound Antigens. Langmuir, 16: 3529-3536. 
Skaife, J.J., Brake, J.M. and Abbott, N.L., 2001. Influence of 
Nanometer-Scale Topography of Surfaces on the Orientational Response of 
Liquid Crystals to Proteins Specifically Bound to Surface-Immobilized 
Receptors. Langmuir, 17: 5448-5457. 
Snelling, D.R., Baiamonte, V.D. and Bair, E.J., 1966. Decomposition of 
Ozone by O (1D). J. Chem. Phys., 44: 4137-4144. 
References 
 178 
Song, J., Chen, J., Klapperich, C.M., Enga, V. and Bertozzi, C.R., 2004. 
Functional Glass Slides for in vitro Evaluation of Interactions between 
Osteosarcoma TE85 Cells and Mineral-Binding Ligands. J. Mater. Chem, 14: 
2643-2648. 
Stapleton, J.J., Daniel, T.A., Uppili, S., Cabarcos, O.M., Naciri, J., 
Shashidhar, R. and Allara, D.L., 2005. Self-Assembled, Characterization, and 
Chemical Stability of Isocyanide-Bond Molecular Wire Monolayers on Gold 
and Palladium surfaces. Langmuir, 21: 11061-11070. 
Stine, R. and Pishko, M.V., 2004. Heat-Stabilized Glycosphingolipid Films 
for Biosensing Applications. Langmuir, 20: 6501-6506. 
Stine, R. and Pishko, M.V., 2005. Heat-Stabilized Phospholipid Films: Film 
Characterization and the Production of Protein-Resistant Surfaces. Langmuir, 
21: 11352-11356. 
Stone, H.A., Stroock, A.D. and Ajdari, A., 2004. Engineering Flows in Small 
Devices: Microfluidics toward a Lab-on-a-Chip. Rev. Fluid Mech., 36: 
381-411. 
Strother, T., Hamers, R.J. and Smith, L.M., 2000. Covalent Attachment of 
Oligodeoxyribonucleotides to Amine-Modified Si (001) Surfaces. Nucleic 
Acids Res., 28: 3535-3541. 
Stubenrauch, K., Wessels, U. and Lenz, H., 2009. Evaluation of an 
Immunoassay for Human-Specific Quantitation of Therapeutic Antibodies in 
Serum Samples from Non-Human Primates. J. Pharm. Biomed. Anal., 49: 
1003-1008. 
Sugimura, H., Hanjia, T., Takaia, O., Masudab, T. and Misawab, H., 2001. 
Photolithography Based on Organosilane Self-Assembled Monolayer Resist. 
Electrochim. Acta, 47: 103-107. 
Sugimura, H., Sano, H., Lee, K.-H. and Murase, K., 2006. Organic 
Monolayers Covalently Bonded to Si as Ultra Thin Photoresist Films in 
Vacuum UV Lithography. Jpn. J. Appl. Phys., 45: 5456-5460. 
Sui, G., Wang, J., Lee, C.C., Lee, S.P., Leyton, J.V., Wu, A.M. and Tseng, 
H.-R., 2006. Solution-Phase Surface Modification in Intact 
Poly(dimethylsiloxane) Microfluidic Channels. Anal. Chem., 78: 5543-5551. 
Takeuchi, N., Kanai, Y. and Selloni, A., 2004. Surface Reaction of Alkynes 
and Alkenes with H-Si(111): A Density Functional Theory Study. J. Am. 
Chem. Soc., 126: 15890-15896. 
References 
 179 
Talapatra, A., Rouse, R. and Hardiman, G., 2002. Protein Microarrays: 
Challenges and Promises. Pharmacogenomics, 3: 527-536. 
Terry, J., Linford, M.R., Wigren, C., Cao, R., Pianetta, P. and Chidseya, 
C.E.D., 1999. Alkyl-Terminated Si(111) Surface: A High-Resolution, Core 
Level Photoelectron Spectroscopy Study. J. Appl. Phys., 85: 213-221. 
Tian, R. and Zhi, J., 2006. Gold-Nanoparticles-Induced Pattern Metallization 
on High-Roughness Diamond Film Surfaces. Appl. Phys. Lett., 88: 
203102/1-203102/3. 
Tingey, M.L., Snodgrass, E.J. and Abbott, N.L., 2004a. Patterned Orientations 
of Liquid Crystals on Affinity Microcontact Printed Proteins. Adv. Mater., 16: 
1331-1336. 
Tingey, M.L., Wilyana, S., Snodgrass, E.J. and Abbott, N.L., 2004b. Imaging 
of Affinity Microcontact Printed Proteins by Using Liquid Crystals. 
Langmuir, 20: 6818-6826. 
Tormen, M., Borzenko, T., Steffen, B., Schmidt, G. and Molenkamp, L.W., 
2002. Sub-mm Thick Rubber-Elastic Stamp on Rigid Support for High 
Reliability Microcontact Printing. Microelectron. Eng., 61-62: 469-473. 
Trimbach, D., Feldman, K., Spencer, N.D., Broer, D.J. and Bastiaansen, 
C.W.M., 2003. Block Copolymer Thermoplastic Elastomers for Microcontact 
Printing. Langmuir, 19: 10957-10961. 
Unger, W.E.S., Lippitz, A., Gross, T., Friedrich, J.F., Woll, C. and Nick, L., 
1999. The Use of Octadecyltrichlorosilane Self-Assembled Layers as a Model 
for the Assessment of Plasma Treatment and Metalization Effects on 
Polyolefins. Langmuir, 15: 1161-1166. 
Vail, T.L., Cushing, K.W., Ingram, J.C. and Omer, I.S., 2006. Micropatterned 
Avidin Arrays on Silicon Substrates via Photolithography, Self-Assembly and 
Bioconjugation. Biotechnol. Appl. Biochem., 43: 85-91. 
Veiseh, M., Zareie, M.H. and Zhang, M., 2002. Highly Selective Protein 
Patterning on Gold-Sillon Substrates for Biosensor Applications. Langmuir, 
18: 6671-6678. 
Vezenov, D.V., Zhuk, A.V., Whitesides, G.M. and Lieber, C.M., 2002. 
Chemical Force Spectroscopy in Heterogeneous Systems: Intermolecular 
Interactions Involving Epoxy Polymer, Mixed Monolayers and Polar Solvents. 
J. Am. Chem. Soc., 124: 10578-10588. 
Villalta, D., Bizzaro, N., Platzgummer, S., Antico, A., Tampoia, M., 
Camogliano, L., Bassetti, D., Pradella, M., Piazza, A., Manoni, F., Tozzoli, R. 
References 
 180 
and Tonutti, E., 2005. Accuracy of Semiquantitative Immunoenzymatic 
Methods in Quantitation of Anti-Topoisomerase I (Scl-70) Antibodies. Clin. 
Rheumatol., 24: 453-459. 
Waddell, E.A., Shreeves, S., Carrell, H., Perry, C., Reid, B.A. and McKee, J., 
2008. Surface Modification of Sylgard 184 Polydimethylsiloxane by 254 nm 
Excimer Radiation and Characterization by Contact Angle Goniometry, 
Infrared Spectroscopy, Atomic Force and Scanning Electron Microscopy. 
Appl. Surf. Sci., 254: 5314-5318. 
Walhout, A.J., Sordella, R., Lu, X., Hartley, J.L., Temple, G.F., Brasch, M.A., 
Thierry-Mieg, N. and Vidal, M., 2000. Protein Interaction Mapping in C. 
Elegans Using Proteins Involved in Vulval Development. Science, 287: 
116-122. 
Wang, J., Ibanez, A. and Chatrathi, M.P., 2002. Microchip-Based 
Amperometric Immunoassays Using Redox Tracers. Electrophoresis, 23: 
3744-3749. 
Wang, J., Ibanez, A. and Chatrathi, M.P., 2003. On-Chip Integration of 
Enzyme and Immunoassays: Simultaneous Measurements of Insulin and 
Glucose. J. Am. Chem. Soc., 125: 8444-8445. 
Wang, L., Yan, L., Zhao, P., Torimoto, Y., Sadakata, M. and Li, Q., 2008. 
Surface Modification of Polystyrene with Atomic Oxygen Radical 
Anions-Dissolved Solution. Appl. Surf. Sci., 254: 4191-4200. 
Wang, Y.L., Lai, H.H., Bachman, M., Sims, C.E., Li, G.P. and Allbritton, 
N.L., 2005. Covalent Micropatterning of Poly(dimethylsiloxane) by 
Photografting through a Mask. Anal. Chem., 77: 7539-7546. 
Weigl, B.H. and Yager, P., 1999. Microfluidics: Microfluidic Diffusion-Based 
Separation and Detection. Science, 283: 346-347. 
Weigl, B.H., Bardell, R.L. and Caelen, C.R., 2003. Lab-on-a-Chip for Drug 
Development. Adv. Drug Delivery Rev., 55: 349-377. 
Wendler, J., Hoffmann, A., Gross, G., Weich, H.A. and Bilitewski, U., 2005. 
Development of an Enzyme-Linked Immunoreceptor Assay (ELISA) for 
Quantification of the Biological Activity of Recombinant Human Bone 
Morphogenetic Protein-2. J. Biotechnol., 119: 425-435. 
Weston, A.D. and Hood, L., 2004. Systems Biology, Proteomics, and the 
Future of Health Care: Toward Predictive, Preventative, and Personalized 
Medicine. J. Proteome Res., 3: 179-196. 
References 
 181 
Whitesides, G.M., 2006. The Origins and the Future of Microfluidics. Nature, 
442: 368-373. 
Willner, I. and Katz, E., 2000. Integration of Layered Redox Protein and 
Conductive Supports for Bioelectronic Applications. Angew. Chem. Int. Ed., 
39: 1180-1218. 
Wilson, D.L., Martin, R., Hong, S., Cronin-Golomb, M., Mirkin, C.A. and 
Kaplan, D.L., 2001. Surface Organization and Nanopatterning of Collagen by 
Dip-Pen Nanolithography. Proc. Natl. Acad. Sci. U. S. A., 98: 13660-13664. 
Wolf, M., Juncker, D., Michel, B., Hunziker, P. and Delamarche, E., 2004. 
Simultaneous Detection of C-Reactive Protein and Other Cardiac Markers in 
Human Plasma Using Micromosaic Immunoassays and Self-Regulating 
Microfluidic Networks. Biosens. Bioelectron., 19: 1193-1202. 
Wolf, M., Zimmermann, M., Hunziker, P. and Delamarche, E., 2007. 
Screening of Cell Membrane Proteins Using a Micromosaic Immunoassay 
Format. Biomed. Microdevices, 9: 135-141. 
Wu, J., Fu, Z., Yan, F. and Ju, H., 2007. Biomedical and Clinical Applications 
of Immunoassays and Immunosensors for Tumor Markers. Trends Anal. 
Chem., 26: 679-688. 
Xia, Y. and Whitesides, G.M., 1998. Soft Lithography. Angew. Chem. Int. 
Ed., 37: 550-575. 
Xu, S., Ji, X., Xu, W., Zhao, B., Dou, X., Bai, Y. and Ozaki, Y., 2005. 
Surface-Enhanced Raman Scattering Studies on Immunoassay. J. Biomed. 
Opt., 10: 031112/1-031112/12. 
Yakovleva, J., Davidsson, R., Lobanova, A., Bengtsson, M., Ermin, S., 
Laurell, T. and Emneus, J., 2002. Microfluidic Enzyme Immunoassay Using 
Silicon Microchip with Immobilized Antibodies and Chemiluminescence 
Detection. Anal. Chem., 74: 2994-3004. 
Yang, K.-L., Cadwell, K. and Abbott, N.L., 2005. Use of Self-Assembled 
Monolayers, Metal Ions and Smectic Liquid Crystals to Detect 
Organophosphonates. Sens. Actuators. B, 104: 50-56. 
Yang, W., Auciello, O., Butler, J.E., Cai, W., Carlisle, J.A., Gerbi, J.E., 
Gruen, D.M., Knickerbocker, T., Lasseter, T.L., Russell, J.N., Smith, L.M. 
and Hamers, R.J., 2002. DNA-Modified Nanocrystalline Diamond Thin-Films 
as Stable, Biologically Active Substrates. Nat. Mater., 1: 253-257. 
Yang, X.M., Peters, R.D., Kim, T.K., Nealey, P.F., Brandow, S.L., Chen, 
M.-S., Shirey, L.M. and Dressick, W.J., 2001. Proximity X-ray Lithography 
References 
 182 
Using Self-Assembled Alkylsiloxane Films: Resolution and Pattern Transfer. 
Langmuir, 17: 228-233. 
Yu, L., Li, C.M., Zhou, Q. and Luong, J.H., 2007. Poly(vinyl alcohol) 
Functionalized Poly(dimethylsiloxane) Solid Surface for Immunoassay. 
Bioconjug. Chem., 18: 281-284. 
Zhao, X.-M., Xia, Y. and Whitesides, G.M., 1997. Soft Lithographic Methods 
for Nano-Fabrication. J. Mater. Chem., 7: 1069-1074. 
Zhao, Y., Mahajan, N., Lu, R. and Fang, J., 2005. Liquid-Crystal Imaging of 
Molecular-Tilt Ordering in Self-Assembled Lipid Tubules. Proc. Natl. Acad. 
Sci. U. S. A., 102: 7438-7442. 
Zheng, H., Rubner, M.F. and Hammond, P., 2002. Particle Assembly on 
Patterned Plus/Minus Polyelectrolyte Surfaces via Polymer-on-Polymer 
Stamping. Langmuir, 18: 4505-4510. 
Zhu, H., Bilgin, M., Bangham, R., Hall, D., Casamayor, A., Bertone, P., Lan, 
N., Jansen, R., Bidlingmaier, S., Houfek, T., Mitchell, T., Miller, P., Dean, 
R.A., Gerstein, M. and Snyder, M., 2001. Global Analysis of Protein 



























LIST OF PUBLICATIONS 
 
Chapter 3 
(1) C.-Y. Xue, K.-L Yang, Chemical Modifications of Inert Organic 
Monolayers with Oxygen Plasma for Biosensor Applications, Langmuir, 
23 (10), 5831-5835, 2007. 
 
Chapter 4 
(2) C.-Y. Xue, Deny Hartono, K.-L Yang, Controlling and Manipulating 
Supported Phospholipid Monolayers as Soft Resist Layers for Fabricating 




(3) C.-Y. Xue, K.-L Yang, One-Step UV Lithography for Activation of Inert 




(4) C.-Y. Xue, Chin Shi Yao, Saif A. Khan, K.-L Yang, Microcontact Printing 




(5) C.-Y. Xue, K.-L Yang, Dark-to-Bright Optical Responses of Liquid 
Crystals Triggered by Proteins Absorbed on Solid Surfaces, Langmuir, 24 
(2), 563-567, 2008. 
 
Chapter 8 
(6) C.-Y. Xue, Saif A. Khan, K.-L Yang, Exploring Optical Properties of 
Liquid Crystals for Developing Label-Free and High Throughput 
Microfluidic Immunoassays, Advanced Materials, 21 (2), 198-202, 2009. 
 
 
 
 
 
 
 
 
